Commentary 


INTERNATIONAL ATOMIC ENERGY 


S NcE the war atomic energy authorities, com- 
missions and companies have been set up in pretty 
wll every country in the world that can boast a 
steel works. International organizations, known by 
the usual bewildering arrays of initials, have sprung 
up as well, and since governments attach a good 
deal of importance to the prestige value of an atomic 
energy programme, these organizations are numer- 
ous. There are four of particular importance to 
Western European countries: the International 
Atomic Energy Agency (IAEA) with its head office 
in Vienna; Euratom in Brussels; the European 
Nuclear Energy Agency (ENEA) set up by OEEC 
in Paris; and the European Organization for 
Nuclear Research (Cern) in Geneva. 


The International Atomic Energy Agency is one of 
the United Nations family of organizations, compar- 
able to WHO, FAO and UNESCO. Member 
countries do not have to be members of the United 
Nations proper, and there are at present just over 
seventy of them. The IAEA was set up in 1956 
to promote the peaceful uses of atomic energy, 
particularly by making the skills of the more ad- 
vanced countries available to the less advanced, by, 
for example, sending experts and technical missions 


to the underdeveloped countries, by training people 
and by supplying materials and equipment. 


The Agency also draws up health and safety 
standards on, for example, safe handling of radio- 
isotopes and disposal of radioactive wastes, for 
consideration by member countries. 


It was intended that the Agency should become 
a major supplier of fissionable material, including 
enriched uranium made available to it by the United 
States, Britain and Russia, meanwhile * establishing 
and administering safeguards designed to ensure 
that special fissionable and other materials 
made available by the Agency are not used 
in such a way as to further any military purpose ’. 
However, so far there has been very little demand 
for uranium, natural or enriched, and some countries 
appear to regard these safeguards as interference, 
so no international set of safeguards exists yet. 


One of the difficulties of the [AEA is that it tends 
to get bogged down in politics. With its largely 
diplomatic delegations, and its elaborate procedures, 
the annual general conference is more like the United 
Nations than a scientific meeting. Its organization 
is also a bit top-heavy; [AEA was set up to deal 
with a great deal more business than has actually 
come its way, partly because of the unexpectedly 
low demand for fissionable material, so its running 
costs are high compared with the amount of work 
it does. 
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The IAEA was set up chiefly to enable the rich 
countries to help the poor countries. The ENEA 
and Euratom, on the other hand, exist to help the 
rich countries of Western Europe to help themselves. 


Euratom is one of the three European commun- 
ities (the other two are the Common Market and 
the Coal and Steel Community) designed to promote 
the integration of ‘the six’. It is more than 
simply an organization for cooperation in atomic 
energy, for, like the governing bodies of the other 
two communities, the Euratom Commission can, 
in certain cases, issue regulations binding on the 
member states. The Commission encourages 
scientific research and training, helps to administer 
the agency which supplies nuclear fuel, and it can 
conclude international agreements. In the Dragon 
project, for example, it is Euratom that participates, 
not its individual members. Euratom has agree- 
ments with the US for help in the construction of 
power reactors and with the UK. 


The European Nuclear Energy Agency was set up 
for OEEC countries in 1957 following an OEEC 
study of Europe’s energy problem and is chiefly 
concerned with nuclear power. It has three major 
projects in hand, which are not necessarily partici- 
pated in by all the members. The first project to 
be planned was the Eurochemic factory for the 
chemical processing of irradiated fuel, at Mol in 
Belgium, where construction started earlier this year 
(Britain, already has such a plant and is not a 
member). The second project is the Halden boiling 
heavy water reactor, near Oslo, which went critical 
in June 1959. This was built and belongs to the 
Norwegian Atomic Energy Authority, and the 
ENEA contribution is solely towards the running 
costs of the reactor during a three or four year 
research programme. The third major ENEA 
undertaking is the Dragon project at Winfrith Heath 
(see Survey, November p. 461). ENEA has agree- 
ments with the [AEA and Euratom. 


These three organisations are all concerned 
mainly with the applications of nuclear energy. 
Cern, however, is concerned purely with funda- 
mental research. Its raison d'etre is the 25-GeV 
proton synchrotron, costing £10 million to build, 
a sum few countries can afford on their own, but 
which can easily be met by cooperation. 


Nations have cooperated in scientific experiments 
before, occasionally, as in the IGY, on a really 
large scale, but projects like Halden and Dragon, 
and organizations like Cern, are a completely new 
conception, due, one hopes, only in part to the 
high cost of research in nuclear energy. 











Special Prize in the 
Waverley Gold Medal Essay Competition 
Mr HAw.ey works at the Department of Electrical 
Engineering, King’s College, University of Durham, r 
Newcastle-upon-Tyne, the college where he graduated 
with first class honours. He has been awarded the Ferranti 
Scholarship by the Institution of Electrical Engineers, 
and is now investigating the electrical breakdown of high 
vacuum for his Ph.D. He is the Chairman of the North 
Eastern Graduate and Student section of the I.E.E. 
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R. HAWLEY ex 
di 
Magnetohydrodynamic power generation promises to be more efficient than present day ve 
methods of generation. This essay, which won the special prize in the Waverley Gold Medal th 
essay competition, discusses the ideas behind m.h.d. generation and their development 
leading to the experimental generators that have already been built. The extent of research m 
work into the many problems that remain to be solved in order that magnetohydrodynamic po 
power generation may become a commercial proposition is also mentioned. ga 
PowFeR is a basic necessity of civilization. The last energy. Production of the steam at higher tempera- ~ 
decade has seen great advances in the development tures and pressures has improved the thermal fie 
of methods of producing electrical energy, including efficiency, although this in turn has led to more . 
thermoelectric devices, thermionic generators and complex plant and higher capital costs. Even so by 
fuel cells, the most promising of which seems to be the overall thermal efficiency of the most efficient ba 
the generation of electricity from ionized moving power station is only about 40 per cent and any = 
gases, a process known as magnetohydrodynamic method that can improve on this is most important. oa 
generation. Various m.h.d. generators have been ele 
suggested and tentative studies on thermodynamic Classes of Generators the 
cycles carried out. Work connected with missile — }¢ was Faraday again who showed that the conductor i 
and space problems has developed the beginning jin the magnetic field did not need to be metallic gas 
of an understanding of the electrical conductivity and he actually measured the voltage induced in aki 
of gases at high temperatures, and enabled experi- the brackish water of the Thames as it flowed an 
mental generators to be built. This experimental through the earth’s magnetic field. A suggestion was f jp 
work has shown the problems behind such a method = made years ago that the required improvement in F tha 
of generation and points the way to further advances. the efficiency of conversion of fuel energy to elec- te 
In the conventional turbo-generator chemical trical energy could be brought about by using of 
energy, from the fuel, is used to generate steam, heated gases as a conductor, thus cutting out stri 
The steam’s heat energy is converted into directed certain inefficient parts of the steam cycle, but it is has 
kinetic energy which acts on turbine blades and _ only recently that it has become possible to base enc 
drives a metallic conductor through a magnetic field. such ideas upon actual experimental data’. The the 
As discovered by Faraday the cutting of the flux basic principle of this type of generation is that the 
induces a voltage in the conductor, thus producing gases are heated by fossil or nuclear fuels and bi 
electrical energy. Such a process is inherently charged particles are introduced by some means. mal 
inefficient due to the losses occurring at each stage The gases are passed through a nozzle thus con- the 
of energy conversion with the greatest occurring verting their heat energy to kinetic energy, some of redi 
when the heat energy is converted to mechanical which is extracted and transferred to an electric beir 
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Figure 1. Possible types of generator 
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circuit. Estimations of the efficiency of such a Magnetic field Electron emitting cathode 
process, backed by a steam cycle, have been as high into paper 


as 60 per cent. Suggested classes of m.h.d. generators 
are shown in Figure /. 


Magnetodynamic Generators 


In the transverse field generator the hot gases are 
expanded adiabatically through a _ convergent- 
divergent nozzle, which accelerates them to a high 
velocity, and they then pass on into a duct. In 
the duct they pass through a region of transverse 
magnetic flux provided by an electromagnet, the 
poles of which are thermally insulated from the hot 
gases. The charged particles travel in circular 
orbits with a steady drift at right angles to both the 
field and the flow. The electrons and positive ions 
become separated and the electrons are collected 
by electrodes. Electrons must then be injected 
back into the gases to replace those removed. The 
actual interaction of the magnetic field and the 
output current causes a braking effect on the 
electrons. If the gases are slowed down to one half 
their original speed, three quarters of their energy 
would, theoretically, be transferred to electrical 
energy. This type of generator can either have the 
gases flowing at constant velocity in the duct, 
akin to a reaction steam turbine, or the temperature 
and pressure in the duct could remain constant, as 
in an impulse turbine. Its principle handicap is 
that it generates direct current and for bulk power 
supplies conversion to alternating current, by means 
of invertors, would be required. The use of a 
Striated system of gases and pulsating combustion 
has been suggested to overcome possible difficulties 
encountered in maintaining the conductivity of 
the combustion gases*-". 


In the case of the radial field generator a radial 
magnetic field converts the input axial velocity of 
the electrons into a circumferential velocity thus 
reducing the axial velocity. Due to their mass 
being thousands of times greater than the electrons 
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Figure 3. Radial field generator 


the positive ions continue in an axial direction but 
are slowed down due to the coulomb forces acting 
between them and the electrons. The result is that 
there arises an axial field along the length of the 
anode so that a current can be taken from it. 


Inductodynamic generators 

Inductodynamic generators have the major advan- 
tage that they do not require a powerful electro- 
magnet, for the energy is extracted by inductive 
coupling, which means a possible saving in weight 
and costs. The alternating radial field generator 
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Figure 4. Plasma reactor 


uses an alternating radial magnetic field to produce 
a circumferential electron current alternating in 
direction. If this is made to act as a primary trans- 
former current it can be coupled into a secondary 
winding from which the output can be taken. 


Other schemes have been put forward by CULLEN 
and developed by Harris in which energy is ex- 
tracted from a pulsed stream of ionized particles, 
by means of the parametric amplifier principle*”*. 
A similar idea is the plasma reactor which would 
convert fission energy to electrical energy. The 
reactor is pictured as containing a long cylinder 
of refractory material, with a neutron reflector and 
moderator at each end, filled with a fissionable 
gas, for example U**. The uniformly distributed 
gas is adjusted so that it is just below its critical 
state. A sudden disturbance causes an increase in 
fissionable material at one end which results in a 
shock wave travelling down the cylinder. Behind 
the shock wave is a layer of very hot and hence 
ionized gas or plasma. When the shock wave 
reaches the other end of the cylinder the gas flow 
will continue until sufficient fissionable material 
accumulates for the state to become critical again 
and the cycle is repeated in the opposite direction. 
The electrical power is generated as a result of the 
interaction of the moving plasma with a magnetic 
field generated by the current in the coil of the 
tuned electrical circuit. Oscillations of the circuit 
are produced by the interaction of the induced eddy 
currents in the conducting plasma with the currents 
in the main coil. The induced eddy currents are in 
such a direction as to give a retarding force on the 
plasma and so the electrical oscillations are forced 
to a greater amplitude at the expense of the mechani- 
cal energy of the plasma motion. Preliminary 
estimates show that the maximum operating tem- 
perature would be of the order of 6500°K, giving a 
power output of 480 megawatts at about 20 c/s, 
with a cylinder length of 46 metres and an overall 
power plant efficiency of 20 per cent. The estimated 
thermodynamic efficiency is 30 per cent and it is 
possible that this could be raised to about 50 per 
cent’®, 
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Electrodynamic Generator 


The electrodynamic generator is similar to the 
conventional Van de Graaff machine in which 
moving gases replace the belt. Advantage is taken 
of the high dielectric strength of the gases, even at 
high temperature, to work at very high voltages. 
If the gases contain positive ions they will be carried 
along by the stream and may be collected in a trap 
which will become raised to a high potential. The 
charge would be contained in a volume instead of 
a plane thus reducing lateral fields and the possi- 
bility of breakdown. Turbulent flow of the gases up 
to seven times belt speeds should be possible and 
the generator would supply relatively large currents 
at high potentials in comparison to the Cockroft- 
Walton and Van de Graaff generators. 


The charged particles can only proceed against 
the voltage gradient by replenishing their kinetic 
energy from their uncharged neighbours in their 
decelerating path. Thus design voltages must be 
high in order that the fast moving gases be slowed 
appreciably, for this slowing is proportional to the 
voltage of the collector. A number of collisions 
approaching a thousand would be sufficient without 
running more than a negligible risk of avalanching. 
The main disadvantage lies in the fact that ions 
diverge to the walls of the tube by mutual repulsion, 
which is serious for efficient transmission of ions 
down a long tube!*-"’. 
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Figure 5. Electrodynamic generator 


Thermodynamic Cycles 


The basic thermodynamic cycle suggested for 
magnetodynamic generators is similar to a gas 
turbine cycle in which the turbine of the turbo- 
compressor is replaced by a nozzle. The maximum 
possible efficiency is the Carnot efficiency which is 
given by 

z=(7,-T,)/T, 
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Figure 6. Magnetodynamic generator open cycle 


where 7, is the absolute temperature of the gases 
before expansion and 7, is the absolute temperature 
of the heat sink. 


The highest possible flame temperature of low 
grade fossil fuels, even with preheating, is about 
3000°K and if 7,, the temperature at which heat is 
rejected, is 300°K, although normally it will be 
higher than this, Carnot efficiencies in the range 
0-75—-0-90 are possible, compared with 0:45-0:65 for 
present day heat engines. The overall thermal ef- 
ficiency tends to be a given fraction of the Carnot 
efficiency and hence the importance of raising the 
initial temperature is easily seen. It is uneconomic 
to expand to very low temperatures due to increasing 
diameters of the final stages of expansion. For these 
reasons a secondary steam cycle can be used to 
extract the majority of the energy left in the partly 
expanded exhaust gases. It is to be noted that any 
power dissipated in the internal resistance of the 
generator or as friction between the gases and the 
walls of the duct is still available as heat energy, 
with the exception of that lost through the walls, 
to do work in this secondary steam cycle". 


\ tentative open cycle for a reaction type generator 
is shown in Figure 6. The cycle flow rate was 
chosen to give 450 megawatts output. Atmospheric 
ai’ is compressed to 10 atmospheres and heated 
to 2250°K in a regenerative air heater. Coal 
conbustion is used to raise the temperature to 


3200°K. The gases are seeded, that is a small! 
amount of an alkali metal is added, to improve 
their conductivity and travel through the m.h.d. 
generator developing ~ 360 megawatts of direct 
power. The hot exhaust gases at 2600°K flow 
through the regenerative heaters cool to 1400°K 
and pass on to the boiler. Here they are further 
cooled to 420°K and the heat energy thus obtained 
used to generate steam, which in a conventional 
steam cycle, supplies a further 107 megawatts of 
of alternating power plus the power to drive the 
compressor. Due to high operating temperatures 
the heat rate is about 6200 B.t.u./kWh, a 25 per cent 
improvement on the most efficient steam plants. 
The efficiency is estimated to be about 55 per cent. 
Preliminary estimates have shown that, per kilowatt, 
the capital cost of a m.h.d. unit, including inversion 
costs, should be about the same as a conventional 
unit!®, 


A nuclear fuelled cycle would be identical to the 
coal powered open cycle with the exception that the 
working fluid would flow in a closed cycle at lower 
temperatures but with better conductivities. Lt is at 
present impossible to obtain nuclear reactors that 
give rise to temperatures as high as coal furnaces, 
and gas temperatures of up to 2750°K may ulti- 
mately be achieved. Such a cycle may well be 
easier to develop than the fossil fuelled open cycle, 
for an inert non-corrosive gas, such as helium or 
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argon seeded with caesium, could be used allowing 
a greater choice of materials and lower operating 
temperatures. In spite of lower temperatures the 
conductivity is improved because caesium has a 
lower ionization potential than potassium. The 
effect of irradiation from the reactor on the ioniza- 
tion level has yet to be determined. Due to its 
cost caesium can only be used in a closed cycle, 
where it can be recovered. Such a cycle has been 
estimated to have an efficiency of about 60 per 
cent!!:15-2°, 


Design Parameters 

In the impulse type generator the condition that the 
induced e.m.f. must be constant leads to a duct 
which is hyperbolic in shape and of constant height. 
It can be shown that the length of the duct is 

x x dAV/cB? 

where x is the duct length, 6 the density of gases, 
o the conductivity of gases, AV the change in velocity 
along duct and B the magnetic field density. 

For the duct to be of practicable dimensions it 
appears that the conductivity of the gases must 
be greater than 100 mho/m. For Carnot efficiencies 
greater than 12 per cent the flow may approach 
supersonic speeds so the design of the duct may 
present practical difficulties**". 

The heating of a gas to a high temperature at a 
low pressure, enhances the dissociation of the 
atoms into ions and free electrons. In fact at 
temperatures of the order of 10°°K, a plasma is 
formed which has a greater conductivity than metals 
at ordinary temperatures. However, the actual 
temperatures used are far below this and so the 
required degree of ionization must be obtained by 
auxiliary means. 

A beam of energetic particles, say electrons, 
could be injected into the gases with the subsequent 
production of ionizing collisions. Difficulties, 
however, would arise due to beam dissipation and 
the large amplitudes of currents required. The use 
of radioactive bombardment represents an_ ill- 
matched source as particles with an energy of many 
electron volts are used to liberate electrons from 
bonds of only a few electron volts energy. The 
application of electric fields of sufficient magnitude 
would give rise to gas discharges and hence ionized 
particles. Such fields could be applied by means of 
high frequency voltages using external electrodes 
or direct voltages on a wire. While a voltage of 
50 kilovolts on a wire electrode would give rise to 
intense corona, it is not yet known what values of 
corona currents would be required to produce 
appreciable conductivity. 


The conductivity of a gas is proportional to the 
electron density and the electron density resulting 


from thermal ionization is given by Saha’s equation: 
n.* 3 V; 
Logiy — = 5 logio T— 5040 = + 15°38 


where n is the neutral particle density, n, the electron 
density, T the absolute temperature, and V; the 
ionization potential. 


For a given temperature the strong dependence 
of the electron density on the ionization potential 
is easily seen. In a device burning fossil fuels the 
ionization potentials of the equilibrium flame gases 
(O,, O, N,, CO,, CO, OH, H, H,, H,O), are between 
12 and 16 electron volts. Estimates based on the heats 
of formation and specific heats of the products 
show that an upper limit of 3000°K can be set on 
the flame temperature, so that ionization would be 
negligible in this region. However, the addition of a 
small concentration of alkali metals such as sodium 
(5-14 eV), potassium (4:33 eV) or caesium (3-88 eV), 
having much lower ionizing potentials, leads to a 
disproportionately high increase in conductivity. 
In Figure 7 is shown a range of data for gases at 
different pressures seeded with | per cent potassium. 
It therefore appears that seeding of the gases and 
thermal ionization will give the required con- 
ductivity. 
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As the gases flow through the nozzle their pressure 
is reduced but so is their temperature, with the 
result that conductivities, based on the magnetic 
chamber temperature and pressure, are somewhat 
less than those obtained in the combustion chamber. 
However, since the residence time of the gases in 
the nozzle and in the duct is only a few hundred 
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microseconds it may be that the rapid reduction of 
temperature does not have an immediate effect on 
the ion concentration, that is to say, it is possible 
that ‘freezing’ of the atomic reactions may 


take place and the conductivity may remain 
high?+4-18-22,23_ 


The percentage of charged particles in the gases 
is still extremely small. Since these are the only 
ones that react with the extracting fields a mechanism 
must exist whereby the uncharged particles can give 
their energy to the charged particles and hence to 
the electric circuit. Unless this is so the efficiency of 
conversion could be no greater than the percentage 
ionization of the gases. In the case of a metallic 
conductor any retarding force on the electrons is 
transmitted to the positive nuclei by attraction forces 
and since the nuclei are fixed in the crystal lattice, 
energy is extracted from the complete conductor. 
In a gas this is not so and any energy transfer can 
only result from attraction forces and collisions 
between particles. Of all the mechanisms possible 
the most likely seems to be one described by Harris. 
Here the positive ions act as a transfer agent, 
transferring the energy. of the gas molecules to 
the electrons and hence to the electric circuit. The 
electrons are stopped by the magnetic field, the 
positive ions and the gas molecules sweep through 
the electrons and as they do so a retarding coulomb 
force is exerted on the positive ions. Finally a 
‘frictional’ effect due to elastic collisions between 
the positive ions and the molecules slows down 
the stream of gases. Another view is that the 
transfer process is about half due to positive ion- 
gas molecule collisions and half due to electron-gas 
molecule collisions. Although there is a large mass 
difference between an electron and a molecule, 
resulting in little energy transfer, electrons have a 
very high collision frequency!***. 


Magnetodynamic Generator 


An experimental 10 kilowatt magnetodynamic 
generator is shown in Figure 8. It consists of a 
plasma jet mounted above a magnet. The magnet 
with the m.h.d. generator channel between its poles 
is supported by a tank, which confines the exhaust 
and is vented to the roof. Helium and argon have 
been used as working fluids, seeded with one atomic 
per cent of powdered potassium carbonate. The 
Senerator consists of an insulated channel | in. » 
3 in. x 20 in., electrodes and a magnetic field of 
1-4 Wb/m*. Conductivities ranged from 80-150 
mhos/m. With argon seeded with | per cent potassium, 
a flow rate of 0-3 kg/sec., a temperature of 2800°K 
and a Mach number of 0-7 the peak output was 
430 amps at 27 volts. Due to a lack of suitable 
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cooling the maximum length of a run was limited 
to about 10 seconds”. Elsewhere using similar 
techniques, | kilowatt was obtained for 5 seconds 
from a plasma jet created by an air arc with an 
open circuit voltage of 30-4 volts, while a 5 kilowatt 
generator using the products of combustion of 


Figure 8. 10 kW experimental generator 


furnace oil and oxygen has been run on load for as 
long as 4 minutes'**?"__ By burning methane fue! 
in an oxygen atmosphere and applying a field of 
0:5 Wb/m?, the m.h.d. effect has been demonstrated 
at Harwell. The electrodes were of tantalum and 
it was shown that considerable increases in current 
output were obtained when the gases were seeded 
with caesium or potassium”. 


Electrodynamic Generator 


Experimental work on electrodynamic gas flow 
generators has been reported by BENNETT’. In 
a single stage 15 cm diameter ion tube with an air 
velocity of 130 m/sec, 75 uA at 80 kV were obtained. 
There is some evidence that at gas velocities of 
the order of 200 m/sec very much larger currents 
would be possible. Such devices could be connected 
in series to form multi-stage devices of outputs 
limited only by the insulation of the collector but 
in this case additional blower power would be 
required to produce the increased electrical output 
Experimental results and considerations of current 
and length indicate that the blower power must be 
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at least twenty-five horsepower with the possibility 
that the optimum power level is about a thousand 
horsepower. For power generation where high volt- 
ages are not required the stages may be connected in 
parallel to obtain larger currents at some medium 
voltage, for example a 100 kV'*"17, 


Conclusion 


Magnetohydrodynamic power generation could 
well be the solution in the search for higher thermal 
efficiencies. For this reason it is necessary for 
experimental and theoretical work to continue so 
that all its possibilities are fully investigated. 
Besides the advantage of higher efficiencies resulting 
from operation at high temperatures, generators of 
this type would have a reduced weight due to fewer 
and more compact components, higher reliability 
as they contain no moving parts, lower capital 
costs and fuel costs, and would relieve cooling water 
and siting problems. Specific outputs would be 
greater and while the generators may be physically 
large they would produce a great deal of power for 
their size. It does not seem likely that at power 
outputs below a megawatt m.h.d. generation will 
prove competitive to present day commercial 
plants, but at outputs of a 100 megawatts and above 
they may show appreciable superiority. Besides 
acting as topping devices to improve the efficiency of 
turbo-alternators generating base load power, m.h.d. 
generators may find applications as electrostatic 
devices; or as space generators, powered by solar 
energy, fusion devices or rocket exhaust gases, in 
view of their low weight to power ratios. 


Preliminary work is well under way mainly 
in America and there are quite a few establishments 
commencing such work in England. Research is 
required into the detailed behaviour of high tem- 
perature gases in magnetic fields, collision cross- 
sections of gases, effects of turbulence and discharge, 
seeding materials and refractory materials. One 
advantage here is that the m.h.d. generator, unlike 
the gas turbine does not require materials of high 
tensile strength at high temperatures. The main 
problems are the production of high electrical 
conductivities in relatively low temperature gases 
and the development of uniformly emitting cathodes 
to replace the electrons removed from the stream 
of gases. It is impossible to predict what the 
practical outcome of such work will be, although it 
has recently been said that it is possible steam 
turbines could be obsolescent by the turn of the 
century”’. 
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R. L. Russell for permission to publish this essay; and 


Dr R. J. Rosa(AVCO Everett Research Laboratory), 
Dr D. J. Harris (Sheffield University), B. C. 
Lindley, Esq. (Nuclear Research Centre, C. A. 
Parsons & Co. Ltd), W. E. Bennett, Esq. (A.W.R.E., 
Aldermaston), and the authors listed in the references 
for their kind help in providing material for the essay; 
also AVCO Everett Research Laboratory for permis- 
sion to reproduce Figures 6, 7 and 8. 
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PFOLYBLOC SYSTEM OF CONSTRUCTION 


FOR ANISOTROPIC MATERIALS 


A. HILLIARD 


Technical Adviser, Société Le Carbone-Lorraine 


The Polybloc System is a general constructional method for non-metallic anistropic 
materials, e.g. graphite, which are gaining increasing importance in the treatment of 
corrosive fluids. Because of the physical and mechanical properties of these materials new 
constructional systems are required, and this article, which won the second prize in the 
Waverley Gold Medal essay competition, describes an assembly based on detachable 
block units permitting the use of short drilled passages, thus introducing an important 
‘ end effect ’ of turbulent fluid flow which is conducive to high heat exchange efficiency and 
marked anti-fouling effects. 


THE energetic expansion of industry in recent decades 
created a demand for the large scale treatment of 
fluids which were more corrosive than could be 
handled efficiently with the metallic constructional 
materials then available. A tubular system of 
construction had developed over the centuries, which 
was excellently suited to the isotropic nature of 
metals, because their physical and mechanical 
properties are substantially identical in all axial 
directions, and because metals can not only be cast 
to the required shape, but are also mostly ductile and 
malleable, and unit parts can be assembled into 
equipment by welding, soldering, sweating, etc. 


The ‘new’ constructional materials for chemical 
engineering equipment of improved corrosion 
resistance were mostly non-metals and anisotropic. 
The most important of these new materials is 
undoubtedly graphite, because it is unique in its 
combination of excellent thermal conductivity with 
highly versatile resistance to chemical attack, and is 
easily machineable. 


Most metals depend for their corrosion resistance 
upon protective surface films, which may be de- 
tached through differential expansion and other 
causes. Whereas such films are then usually spon- 
taneously regenerated on the underlying clean metal 
face, this process results in accelerated consumability 
of the constructional material. Many metals are also 
highly sensitive to fouling due to chemical reaction. 


Graphite is free from these shortcomings, which 
is not only conducive to improved working life, but, 
since graphite forms no solid compounds, also 
avoids the nuisance of surface fouling through 
chemical reaction with process fluids. 

When employing a new constructional material 
(or group of materials), it is important to design 
exclusively around the material properties. Ex- 


perience has shown that in such cases, reference to 
Prior art can have highly undesirable consequences. 
Whereas the ‘ Polybloc System of Construction ’” is 
ap} licable to substantially all anisotropic materials, 
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it is proposed, for ease of illustration, to discuss it 
with specific reference to a particular material, 
namely graphite, which is the most important in that 
group. 


Properties of Graphite 


The majority of the mechanical and physical 
characteristics of graphite can be traced back to its 
highly anisotropic nature. Measurements of 
electrical conductivity, using perfect graphite 
crystals, indicated an anisotropy of more than 
1:10,000, in other words the conductivity is over 
10,000 times greater in the direction of the long 
axes than in the direction of the short axis’ 
Likewise, it was found that in the case of deposited 
carbon, the thermal conductivity in one direction 
was as much as 40 per cent greater than that of 
copper®. The structure of this form of carbon 
differed from that of graphite by the lack of three 
dimensional ordering. 


In the case of constructional graphite, namely 
synthetic material, we are, of course, not concerned 
with perfect crystals. Anisotropy in the former is a 
function of the degree of preferred crystalline 
orientation, and does not often exceed a value of 1:3. 
This means that the thermal conductivity may be 
similar to that of mild steel in one direction, but it 
may be three times better in the other direction. The 
tensile and flexural strength of graphite are rather 
poor, but the compressive strength is very good 


Tubular Construction 


These and other characteristics of the material were 
obviously not considered when graphite was first 
applied to chemical engineering constructions, and 
the designs were based on the tubular system. The 
latter was developed for isotropic metals, and was not 
advantageous for anisotropic materials. The author 
often puzzles whether it would be possible to use 
graphite to worse advantage than in the tubular 
system. A material of good compressive strength 
but poor tensile and flexural strength was used in the 
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form of long thin shapes (ttibes) subjected to tensile 
and flexural stresses. Any preferred crystalline 
orientation is in graphite tubes opposite to the 
desired direction of heat transfer. The long tubes 
favour streamline fluid flow, which correspondingly 
inhibits heat exchange efficiency. Assembly necessi- 
tates the use of cemented joints to fix the tubes in 
the header plates. 


There are several reasons why it is preferable to 
avoid cemented joints. They are exposed to mechani- 
cal efforts, and are subject to important stresses of 
differential expansion. Because there would be little 
advantage in using cements of different composition 
from that of the impregnant, the need to use 
materials of adequate mechanical strength limits the 
choice of impregnant, and may necessitate sacrifice 
of chemical inertness. Cements are generally less 
resistant to corrosive fluids and elevated tempera- 
tures than is graphite. The use of cemented joints 
results in rigid non-detachable constructions. 


Monoblock System 


To improve the robustness of graphite equipment, 
units were made in monoblock form. They were 
mostly based on a system first suggested by Stan- 
cliffe about 1921, for the manufacture of metal heat 
exchange blocks by the lost core method of casting. 
A modified method was later suggested by STAN- 
cLiFFE* and others® using metal plates, grooved on 
both sides, which are sweated together into blocks, 
with the two sets of heat exchange passages crosswise 
through them. Because graphite cannot be cast or 
sweated together, the Stancliffe method was modified 
to the use of grooved graphite plates which were 
cemented together in the form of heat exchange 
blocks®. These units were much more robust and 


compact than graphite tube bundles. However, any 
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preferred crystalline orientation was again sub- 
stantially opposite to the direction of desired heat 
transfer, and a large number of cemented joints were 
required. Circular gaskets could not be used for the 
headers, which made it difficult to employ the more 
inert gasket materials like polytetrafluoroethylene 
(Teflon, Fluon, etc.) 


Design Consideration 


It was eventually concluded that in view of the 
fundamentally different properties of anisotropic 
materials, a new constructional system was required, 
which had to satisfy the following requirements: 

(1) The use of compact monolithic blocks only, 
and the avoidance of any long narrow shapes; 

(2) The maintenance of the units exclusively under 
compression and the avoidance of tensile stresses; 

(3) Any preferred orientation of graphite to be 
such that the long (conducting) crystal axes connect 
the two sets of heat exchange passages. Because 
such orientation is imposed by the nature of manu- 
facture, this requirement could only be met. by 
drilling the passages through solid blocks; 

(4) The avoidance of any cemented joints; 

(5) The only convenient alternative method to 
cemented joints was the use of detachable gaskets. 
Because the chemical and thermal inertness of 
gasket materials is generally inversely proportional 
to their elasticity, it was important to use gaskets of 
circular shape only. The use of gaskets had also the 
added advantage of equipment which could be 
built up from readily detachable unit elements. 


The Polybloc System, which satisfied these re- 
quirements, was eventually found as the result of an 
investigation which was not directly concerned with 
design, but rather with the theoretical aspect of film 
effect. 
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The Polyblock System 


Efiiciency of heat exchange is mainly determined by 
the film coefficients. In the case of long tubes, at 
pumping rates normally employed in industry, fluid 
flow is usually laminar. Change of direction of flow 
produces an end effect of turbulence. The area 
affected by the latter is, in normal tubular heat 
exchangers, too small to affect materially the 
overall heat exchange coefficients. Experiments were 
made which showed that in the case of very small 
length-diameter passage ratios, drastically im- 
proved heat exchange coefficients could be obtained 
even at slow flow rates. 

In a first attempt to utilize this feature in a heat 
exchanger construction, long rectangular bars of 
small width and height were used, and provided 
with two sets of heat exchange passages of corres- 
pondingly small length—diameter ratio. Whereas in 
this way, the highly improved heat exchange 
coefficients measured earlier in the experimental 
stage were reproduced; the constructional aspect was 
found to be quite unsatisfactory. The long narrow 
bars were subject to tensile and flexural stresses, and 
because of their shape it proved impracticable to 
use more the inert materials like PTFE for gaskets. 


The solution to the problem was eventually found, 
when one of the aforesaid bars was bent to full 
circle (Figure 1). This produced, in fact, the basic 
element of the Polybloc System. It will be noted 
that the block comprises a central hole, and two 
sets of heat exchange passages. One set of passages 
called * radial’ connect the central hole with the 
outer periphery of the block. The other set, called 
‘axial is interspaced between the radial passages, 
and runs parallel to the axis of the block. Peripheral 
gasket grooves are provided at both ends of the 
block near its inner and outer periphery. The space 
between these. grooves is slightly hollowed to 
produce turbulence chambers. 

The Polybloc System has been described in a 
number of patents’" and prior publications!?~™ 
and will therefore only be briefly summarized. 

The blocks in Figure ] are assembled in the form 
of a column, with gaskets between them to ensure 
fluid tightness, Figure 2. The axial passages are 
Staggered to prevent the carrying over of heat 
transfer inhibiting fluid film. Graphite headers are 
Provided at the two ends of the column to act 
a3 distributors for the process fluid, and the assem- 
bly is held together under compression only, 
between metal header plates and external spring 
loaded tie rods. The service fluid is contained by 
the sectional outer shell, which sits on the column 
of graphite blocks by sliding joints only, to avoid 
any differential expansion stresses. 





Figure 1. Blocks of SM, GM and PM model 
The PM block comprises central baffle dis« 
It will be noted, particularly for SM and GM 
blocks, how the basic Polybloc element was 
derived, by bending to full circle a long bar 
comprising 2 sets of passages of very small 
length-diameter ratio 





Figure 2. Assembled Polybloc GM Model, cut 
open to show arrangement of headers passages, 
gaskets and radial multipass baffles 
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If multipass flow of the service fluid is required, a 
number of obstruction members may be fitted in the 
form of discs in the central hole through the column 
of blocks, alternating with peripheral rings between 
the column and outer shell. A usual system of fluid 
flow is indicated in Figure 3. In the latter, the 
service fluid enters through the flanged orifice A 
in the outer shell, and is deflected by the first baffle 
ring, through the radial passages into the central 
hole of the first and second block. It is then deflected 
outwardly by the first baffle disc through the radial 
passages of the second block, to the space between 
the column of blocks and outer shell, and it con- 
tinues its multipass flow through the radial passages 
of all the blocks, until it is discharged through the 
orifice B in the outer shell. The process fluid enters 

D 








Figure 3. Typical flow diagram through Polybloc 
heat exchanger 


(a) Sliding joint of outer shell; (5) Entrance or exit 
tube for second fluid; (c) Central obstruction discs; 
(d) Peripheral obstruction rings; (e) Outer shell 
elements; (f) Turbulence chambers; (g) Outer shell 
exit tube for first fluid: (4) Entrance or exit tube for 


first fluid; (i) Tie-bars; (j) Metal headers; (k) Graphite 
headers: (/) Monolithic graphite blocks; (m) Annular 
gaskets: (mn) Entrance or exit tube for second fluid; 


(p) Entrance or exit tube for 
first fluid 


(0) Graphite headers; 
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through the lower header at C into the axial passages 
of the lowest block, and flows then through the 
turbulence chambers and axial passages of subse- 
quent blocks until it is discharged at D. 


It will be seen that this construction satisfies all 
the requirements outlined earlier as follows: 

(1) Only highly compact monolithic blocks are 
employed, and any long narrow shapes are avoided. 

(2) The assembly is held together exclusively 
under compression, by the external spring loaded tie 
rods, which are outside the zone of heat exchange. 

(3) Any preferred orientation of graphite is such 
that the long (conducting) crystal axes connect the 
two sets of drilled heat exchange passages. 

(4) There are no cemented joints anywhere in the 
assembly. 

(5) All gaskets are of circular shape (O Rings), 
because this form, more than any other, facilitates 
the obtaining of fluid tightness. Highly inert gasket 
materials, e.g. PTFE, (Teflon, Fluon, etc.) can 
therefore be used, and the spring loading of the tie 
rods ensures that any deformation of the gaskets 
through flow under pressure, is fully compensated. 


The use of gaskets has also the added advantage of 
producing assemblies which can be easily dismantled 
and reassembled. In addition, the Polybloc System 
is characterized by the following features: 


Versatility of Construction 


A wide variety of heat transfer areas can be accom- 
modated in a single assembly, simply by adding the 
requisite number of blocks and shell elements. This 
can be done on users’ sites, and makes it possible to 
meet increased production requirements with 
existing units. 


In the case of a new process, the same basic 
apparatus can be used from the research stage 
through development, pilot plant, trial production, 
and full-scale manufacture, simply by adding at 
each stage the requisite unit elements. This avoids 
the difficulties which are involved when different 
equipment has to be used at the various stages. 


Figure 1 shows the three basic block elements 
which are at present manufactured industrially, and 
which are adequate for the assembly of equipment 
of any of the following heat exchange areas: Small 
Model (PM) from 0-1 m*, in multiples of 0-! m* up 
to 2 m?; Standard Model (GM) | m*, in multiples of 
1 m?, up to 11 m?; Super Model (SM) 34 m’, in 
multiples of 3} m*, up to 49 m’. 


The aforesaid upper limits are in no way absolute, 
but are largely a matter of convenience of transport 
and head room. Larger assemblies can be made, and 
are, in fact occasionally employed. 
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leat exchange area is only significant if con- 
sidered in conjunction with heat exchange efficiency. 
As will be explained in the next chapters, the 
Po.ybloc system is characterized by heat exchange 
coc fficients of a magnitude which (at the respectively 
low pressure drop) are unprecedented in industrial 
equipment. When considering the above figures, it 
should be recalled that they may correspond to 
performance of equipment based on alternative 
constructional systems, having multiple heat ex- 
change areas!*—’, 


The fact that only three basic elements are 
required to obtain this wide range of heat transfer 
areas permits their mass production, and is there- 
fore also of considerable economical importance. 


Heat Exchange Efficiency 


All passages are very short with respect to their 
diameter, and the resulting turbulent flow produces 
very high heat exchange coefficients even at com- 
paratively slow flow rates. 


The graph (Figure 6) indicates the steam—water 
coefficients at different water flow speeds with a 
Small Model Polybloc PM. Figure 5 is a correspond- 
ing graph with a Standard Model GM. It will be 
noted that in the latter, the heat transfer efficiency is 
somewhat lower than in the former, because of the 
larger length-diameter ratio of the radial set of 
passages through the standard model. 


The practical effect of this improved heat exchange 
efficiency is that much smaller heat transfer areas are 
adequate than would be required in conventional 
equipment which encourages laminar flow. The 
efficiency of polybloc equipment is often many 
times that of alternative constructions of identical 
heat transfer area'*. The turbulent flow induced in 
the polybloc system produces also an important 
scale inhibiting effect. 

Anti-Fouling Effect 

Because graphite forms no solid compounds, it is 
not subject to fouling as the result of chemical 
reaction between the process fluid and the con- 
Sstructional material. Deposits are therefore only 
formed if solid particles are present in the fluid, or if 
Precipitation occurs. In the case of streamline flow, 
particles may attach themselves to the walls of the 
Passages, where they are held by surface forces. 
Turbuient flow inhibits such fouling. It has been 
found that the Polybloc System can effectively 
inhibit fouling in processes where previously fre- 
quent cleaning of the passages was necessary. A 
typical example was described in an earlier paper’’ 
which refers to the heating of steel pickling liquor, 
of very high iron sulphate concentration. In this 
plant the first Polybloc was installed in August 1957, 





Figure 4. Super Model Polybloc of 14 blocks 
This unit has a heat transfer area of 49 m 
(approx. 528 ft*). It is 3.87 metres high and its 


extreme diameter 0-8 metres. Note the small 

floor space occupied, compared with the large 

heat exchange area. By contrast, the smallest 

PM Model is 0-23 metres high and has a 
diameter of 0-23 metres 


and two more units in January 1958. They have been 
in substantially continuous operation, for sixteen 
hours per day, with a pickling liquor circulation 
speed through the Polybloc passages of only about 
2 ft (61 cms) per second, and steam as the heating 
medium. The heat exchange coefficient is to-day 
still the same (approx. 1950 kcals/h “C m?) as it 
was on the day when these units were first put into 
operation. 

To exploit this anti-fouling effect, it is required to 
avoid the presence of stagnant fluid in the heat 
exchange passages, and the aforesaid paper de- 
scribes the simple precautions which are indicated in 
this respect. They include the mounting of the 
Polyblocs above tank level, to ensure automatic self 
draining whenever circulation stops. The paper 
comprises a particularly interesting paragraph on the 
economics. It shows that the savings of fuel alone 
amount to about £1,000 per year, which is more 
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than double the capital cost of the Polyblocs, 
exclusive of pumps. These Polyblocs have never 
required any maintenance whatsoever, and the 
respective savings of wages amount to about £800 
per year. The paper also describes other savings 
which are more difficult to present in a quantitative 
form, such as more rapid pickling, more efficient 
exploitation of tank space, etc. 


Because of the high heat exchange efficiency, and 
antifouling effect, Polybloc equipment is gaining 
increasing importance in the field of waste heat 
recovery and fuel economy. 


Pressure Drop 


As the result of the high heat exchange coefficients 
which characterize the Polybloc System, corres- 
pondingly smaller heat exchange areas are required 
for a given duty. This decreases the pressure drop 
accordingly. Whereas a certain amount of energy 
is required to produce the turbulent flow through 
the system, high heat exchange coefficients are 
produced at very much slower flow speeds than 
would be required for similar coefficients in the 
case of laminar flow’. 


Control of pressure drop over a wide range is 
practicable by judicious selection of passage dia- 
meters, flow sections, and by the degree of staggering 
or aligning of the passages. The pressure drop is, 
therefore, often considerably lower than with 
alternative equipment for similar duties. 


Corrosion Resistance 


The process fluid contacts only highly inert material, 
e.g. graphite blocks and Teflon gaskets. 

Service fluids (e.g. water, steam, efc.) are not 
usually corrosive, and can be handled with in- 
expensive materials like mild steel. However, if heat 
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exchange between two corrosive fluids is required, 
then it is very simple to provide the shell sections 
with a suitable corrosion resistant lining. 


Versatility of Application 

The previous paragraphs exemplified one particular 
application of the Polybloc System, namely for the 
construction of heat exchangers. It is recalled 
that the Polybloc principle is applicable to the 
wider range of constructions with anisotropic 
materials generally including condensers, evapora- 
tors, concentrators, distillation columns, absorbers, 
strippers, etc. By modification of the diameter or 
countour of the passages, it is possible to meet each 
application to best advantage. A few of these will be 
illustrated by the following examples: 


Absorbers" 

This application was described in an earlier paper’® 
with particular reference to equipment for the 
manufacture of hydrochloric acid. Standard blocks 
of identical dimensions as those used for heat ex- 
changers can be. Axial passages are trumpet 
shaped (Figure 7), and as will be seen from Figure 8, 
these units are assembled in a similar way as are 
Polybloc Heat Exchangers, using identical shell 
elements. However, the axial passages are aligned. 


Efficiency of absorption is a function of the 
following principal factors: (/) exposed liquid area, 
namely uniformity of film; (2) turbulence of gas 
flow; (3) effectiveness of evacuation of exothermic 
heat to avoid rise of temperature, which would 
reduce the solubility of the gas, and may convert 
absorption into evolution of gas. These conditions 
are met by the arrangements per Figures 7 and 8 in 
the following way. 

(1) The absorbent liquid is distributed by the 
concentric grooves at the upper end of the block. 
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Figure 7. Absorber block, cut open to indicate 
passage arrangement 


(d) Lips, acting as reservoirs, at upper ends of absorption 
passages; (g) Ridges, between conical and parallel 
sections of absorption passages; (m) Concentric grooves 
on upper surface of block, to ensure uniform distribution 
of liquid to all absorption passages; (0) Central axial hole 
through block; (p) Radial passages for service fluid (e.g. 
cooling water); (r) Outer peripheral gasket groove; 
(s) Inner peripheral gasket groove 


It collects in the lips which are provided at the 
upper end of all the axial passages. From there it 
overflows and runs as an even film down through 
the cylindrical and conical parts of the passages. 
Because the lower end of each passage is of larger 
diameter than the upper end of the corresponding 
passage in the next block, the absorbent liquid 
collects in the grooves of subsequent blocks, and the 
film is regenerated at every block interface. A 
secondary regeneration of film is induced by the 
ridges between the cylindrical and conical sections 
of the axial passages. If the supply of absorbent has 
to be reduced to a quantity which is less than that 
required for a continuous film over all the absorbing 
area the film will become shorter, but because of the 
effect of surface tension, will remain substantially 
uniform above and below the ridge. 

(2) The gas to be absorbed enters at the bottom of 
the assembly, and is compressed by the upwardly 
decreasing flow sections through the passages of the 
lowest block. This pressure is released in the first 
turbulence chamber, and the process is repeated in 
each subsequent block. Gases are compressible, and 
turbulent flow is therefore produced with sub- 
Stantially no loss of pressure, because the energy 
expended during compression, is regained on 
expansion in the turbulence chambers. The effect 
can be likened to that in a series of venturi nozzles. 

(5) Cooling is effected in a similar way to that in 
Polvbloc Heat Exchangers, by passing a suitable 
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Figure 8. Assembly sketch of Polybloc absorber 

(a) Feed pipe distributor for absorbent liquid (e.g. water, 
dilute HCI acid efc.); (6) Vertical hole through upper 
end attachment, for feed of absorbent liquid and dis- 
charge of inert gases; (c) Distributing channels through 
upper header block; (e¢) Lower graphite header block; 
(f) Discharge channel (e.g. for concentrated HC! acid) 
through lower end attachment; (gz) Ridges, between 
conical and parallel sections of absorption passages: 
(h) Gas feed orifice in lower end attachment; (/) Vertical 
hole through lower end attachment for feed of gas and 
discharge of concentrated acid; (k) Distributing channels 

through lower graphite header block 
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cooling medium through the radial passage system. 
Because of the highly efficient heat exchange, the 
system can be maintained at any desired temperature 
within the limits of the available cooling fluid. 


Evaporators 


The arrangement per Figures 7 and 8, can also be 
used for the film-wise evaporation of liquids. A 
heating medium is passed through the radial 
passage system in the usual way. The liquor to be 
evaporated enters at the top, and flows down through 
the assembly as a film. Vapours which are released 
are discharged through the upper orifice, and the 
concentrated liquor is withdrawn from the bottom. 
This method, which is very efficient, permits particu- 
larly easy process control. However, it is only 
suitable for fluids which do not carry solids or 
produce precipitates during evaporation. For the 
concentration of the latter type of fluids it is gener- 
ally necessary to circulate the liquor through a 
normal Polybloc Heat Exchanger, at an adequate 
flow speed to inhibit deposit of solids in the process 
passages. Evaporation then takes place in the 
conventional way from a pan or similar vessel. 


Scrubbers 


For processes which do not require secondary 
heating or cooling, blocks can be used which are 
somewhat similar to those per Figure 7, but which 
do not comprise the central hole and the radial 
passages. When these blocks are assembled in the 
form of a column, they form a geometrical passage 
system for the fluid to be treated?®. Because the 
external surfaces of the blocks can be made im- 
permeable at comparatively low cost, it is not 
necessary to stack them inside towers (e.g. as is 
required for non-geometrical ring packings efc.). In 
addition to efficiency of operation and robustness of 
construction, this system offers very interesting 
possibilities of economics, because in conventional 
constructions, the cost of the tower shells is often 
considerably greater than that of the packing 
elements. 


Conclusions 


Because the Polybloc System is a recent develop- 
ment, it is reasonable that not all its potential 
applications have been exploited to date. There 
exists, therefore, considerable scope for research 
into new fields, where at present constructional 
methods are still used for non-metallic anisotropic 
materials, which are similar to those originally 
developed for metals, e.g. pumps etc. It is too early 
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to predict what modifications of the system wili be 
required to extend it to these new fields. However, 
the experience of past years has shown that re- 
examination and an original approach is of greaiest 
importance, to exploit to better advantage the 
newer types of non-metallic constructional materials. 


The author wishes to record his thanks to Mr. J. 
Clause, the Technical Director of Société le Carbone- 
Lorraine, for much valuable advice and encourage- 
ment during the research stage, and for his con- 
spicuously successful constructional realisation of 
equipment based on the system described in this paper. 
The illustrations are reproduced by courtesy of Société 
le Carbone-Lorraine. 
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MODERN GLUES 


R. F. WEBB 


Research Department, CIBA (A.R.L.) Ltd., Duxford, Cambridge 


Conventional ‘ natural’ adhesives are now being displaced by entirely syn- 
thetic glues, among which the polyamide and silicone preparations appear 
to have the greatest potential. After an account of the general nature of 
adhesion the qualitites of several groups of synthetic resins are discussed. 


THE process of bonding materials with glues has 
been used for centuries and many of the traditional 
adhesives such as casein, starch, rosin, rubber latex, 
bitumen and sodium silicate give adequate service 
where high bond strengths are not required and 
where conditions in use are not severe. The range 
of ‘natural’ adhesives has been extended by 
chemical modification and by blending with each 
other but superior .materials which are entirely 
synthetic are now displacing the conventional 
adhesives. While the chemical development of the 
synthetic resins has been going on, glueing as an 
engineering method has gained wide acceptance 
and the advantages of bonding processes such as 
weight reduction, the ability to build up complex 
laminated structures reinforced where the major 
stresses are to be encountered, the ability to bond 
dissimilar materials, the sealing and insulating 
properties of the resins are now appreciated. 


Moreover, the use of adhesives has enabled new 
structural materials to be introduced. These include 
lightweight honeycomb sandwich, important for 
example in aircraft construction and panelling in 
general, where a high strength to weight ratio is 
important, and resin bonded particle board, of 
increasing importance in the furniture and building 
industry. 


The Nature of Adhesives and Adhesion 


Experiments with a freshly cleaned aluminium 
surface or freshly cleaned mica show that clean or 
molecularly smooth surfaces can be caused to bond 
without the use of an adhesive’. In normal practice 
it. is impossible to obtain such clean and smooth 
surfaces and contact is obtained by the use of a 
liquid which may solidify in situ during the glue- 


ine process. Most often the adhesive forms 
a solid phase between the adherends, but pressure 
Sensitive adhesives are those which always remain 
liquid. The formation of a solidified adhesive is 
in\ ariably accompanied by shrinkage, which sets up 
tes dual stresses in the glue; the magnitude of the 
shr'nkage varies greatly with the resin and may be 
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reduced by the incorporation of plasticizers or fillers 
such as ultra-fine silica powder. Pressure sensitive 
adhesives do not build up these internal stresses 
but always deform or creep under tension and 
cannot be used for load-bearing joints. They are, 
however, extremely useful in the form of pressure 
sensitive tapes where a tape backing is coated or 
impregnated with the resin applied as a hot melt or 
in solution. The resin component of pressure sensi- 
tive adhesives is compounded from a film-forming 
polymer of high molecular weight, low molecular 
weight resins, plasticizers and fillers. The high 
viscosity of these adhesives at room temperature 
prevents them from wetting adherend surfaces and 
incidentally ensures that the adhesive impregnated 
strips do not adhere to each other when wound 
into a roll. The adhesive does stick to the adherend 
when pressure is applied, because when an attempt 
is made to strip the tape off the adherend surface, 
an area of high compressive strength is concentrated 
in the glue line just ahead of the tear line. 


The true adhesives which give bonds capable of 
withstanding continuously applied loads, being 
mobile liquids before they set, flow into the surface 
irregularities and intimately wet the surface of the 
adherend. The intimate contact at molecular dis- 
tances brings interfacial absorption forces of great 
magnitude into being, resulting in a firmly adherent 
layer a few molecules thick; when the adhesive is 
cured the forces binding the adhesive molecules 
together then contribute to the strength of the joint. 


In joints where the cured adhesive can be softened 
reversibly by heating (thermoplastic resins) the 
forces between the adhesive chains are van der 
Waals forces and, where applicable (e.g. in nylon), 
hydrogen bonding may reinforce the temperature- 
dependent van der Waals forces. In thermosetting 
adhesives, which are those in which the cure is 
effected by nonreversible chemical changes giving a 
cross-linked network, the van der Waals and hydro- 
gen bonding forces are present but are of smaller 
magnitude than the forces of chemical bonding 
which are produced. In fact, the cured adhesive 
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can be regarded as a highly entangled macromole- 
cule and breaking of the adhesive macromolecule 
involves rupture of chemical linkages binding 
carbon, oxygen and nitrogen atoms. Experiments 
in which polymers are mechanically sheared in the 
presence of vinyl monomers to give modified 
polymers with polyvinyl side chains grafted onto 
the original polymer back-bone* have demonstrated 
that such breaking of chemical linkages results in 
the formation of free radicals which are rapidly 
destroyed by reaction with the environment. The 
strength of a glued joint is thus related to the 
cohesive strength of the cured resin and the adhesive 
interfacial forces between the adhesive and the 
adherend. De Bruyne’ in his ‘ Principle of Polarity’ 
has given the principle *‘ polar adhesives only stick 
well to polar surfaces, and non-polar adhesives 
only bond well to non-polar surfaces’, and this is 
generally true, though there are exceptions. Within 
a given series of resins the corollary to this principle, 
that increasing polarity of the adhesive gives in- 
creasing bond strength, has been demonstrated with 
a range of epoxy resins of differing hydroxyl group 
content‘. The additional cohesive strength of 
thermosetting resins arising from the chemical 
linkages in the body of the cured adhesive gives 
them advantages over the thermoplastic types such 
as higher dimensional stability under load, higher 
heat stability and resistance to solvents and chemical 
attack. The cross-linked networks tend to make 
thermosetting resins more brittle than thermo- 
plastics where the polymer chains can accommodate 
sudden stresses by the ability of the chains to flow 
relative to each other, such flow being assisted by 
the incorporation of plasticizers which act as 
internal lubricants. The redistribution of stresses 
in a thermoplastic resin adhesive gives them their 
low creep resistance under deformation. Thermo- 
setting materials may also be plasticized to reduce 
brittleness, but many thermosetting resins are 
incompatible with the common inert plasticizers and 
in these cases reactive plasticizers which are chemic- 
ally bound with the resin are often employed, or 
suitable fillers are chosen. 


Phenolic Adhesives 


The phenolic resins’ formed from phenol and 
formaldehyde were the first synthetic resins and the 
adaptation of these plastics to adhesive uses set a 
pattern for subsequent resins. Recent improvements 
in these resins have produced adhesives which 
rapidly set at press temperatures of 110°C; further 
beneficial results have been achieved by substitu- 
tion of resorcinol for all or part of the phenol used 
in the preparation of the resins, giving liquid 
adhesives which are easily spread, can be cold- 


cured and which are neutral and do not therefore 
cause chemical degradation when used with wood. 
The phenolic adhesives are widely used, specially 
for making plywood or for outdoor use. Phenolic 
adhesive films are also available and are of particular 
merit in the bonding of metal surfaces where the 
molten phenolic film wets the metal surface and a 
compatible thermoplastic such as polyvinyl formal, 
acrylonitrile rubber or nylon layer or film is used 
as the central layer of the sandwich-type structure. 
The thermoplastic layer overcomes the brittle 
nature of the phenolic resin and may itself be 
modified by reaction with the phenolic component, 
allowing the total cured assembly to be used at 
higher temperatures and higher loads than the 
thermoplastic alone could tolerate. These metal 
bonding adhesives are of particular importance in 
aircraft construction. 

It has recently been shown that phenolic resins 
can be used in binders for asbestos and in coatings 
that are subjected to extremely high temperatures 
for short periods, such as the conditions encountered 
on re-entry of missile nose-cones into the atmos- 
phere. Under these conditions the phenolic resins 
cool themselves by decomposition and this ablation 
gives greater protection to the core of the nose- 
cone than ceramic coatings®. 


Aminoplastic Resin Adhesives’ 


Urea-formaldehyde resins find great use in plywood, 
chipboard and furniture manufacture; their low 
price and ability to cure at room temperature 
account for their popularity. U/F resins are more 
sensitive to moisture than most thermosetting 
resins, but addition of melamine formaldehyde 
resins makes them water resistant. The melamine 
formaldehyde resins are mainly used for the pro- 
duction of laminates, especially decorative lamin- 
ates where their high scratch and heat resistance are 
utilized. 


Polyester Adhesives 

These resins are used particularly in the production 
of reinforced laminates with glass fibres or fabric’. 
They are formed by the esterification of glycols with 
mixtures of saturated and unsaturated acids such as 
phthalic and maleic acids, and are generally cured 
by copolymerization with an unsaturated hydro- 
carbon such as styrene, which links the polyester 
chains through their residual unsaturation into 4 
three dimensional network. Another series is 


available based upon diallyl phthalate and styrene. 
The curing step may be achieved at room tempera- 
ture—although a part-cure at higher temperatures 
is beneficial—and is accompanied by relatively high 
shrinkage. Pretreatment of the glass reinforcement 
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with chrome acrylates, silanes or a heat treatment 
is essential to give laminates that retain their 
flexural strength under humid conditions. Flame 
retardant polyesters have been recently introduced 
which are self-extinguishing resins containing a 
high proportion of chlorine or incorporating 
phosphorus-containing compounds in the polyester 
structure. A further recent development is the 
introduction of a range of polyester adhesives which 
are cured by the reaction with polyisocyanates; 





Figure 1. Brake linings bonded to the shoes with a 

polyvinyl formal-phenol formaldehyde adhesive. Bonding 

ensures that the brakes are usable until the linings are 

completely worn away. (Courtesy of CIBA (A.R.L.) 
Limited) 


the reaction may be initiated by atmospheric 
humidity on the surface of the adherends. The 
polyisocyanates themselves are used in bonding 
rubber to textiles and metal, but their moisture 
sensitivity and toxic nature necessitate special 
precautions in their use. 

Epoxy Resin Adhesives® 

Epoxy resin adhesives are the most versatile class 
of thermosetting adhesives. A very wide range of 
chemically distinct resins and hardeners is com- 
mercially available and many other types are certain 
to appear in the future as a result of the intensive 
research effort currently being devoted to this field. 
The epoxy resins are of particular interest because 
of the ease with which they may be cured to give 
tightly linked structures of great chemical stability 
and mechanical strength without the evolution of 
volatiles during cure, which may often be brought 
about at room temperature. The abnormally low 
shrinkage on cure and the excellent adhesion to a 
variety of materials such as metals, glass, ceramics, 
wood, concrete and many plastic materials explains 
their extensive use as adhesives. 
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The most widely used class of epoxy resins are 
manufactured by the reaction of epichlorohydrin 
with bisphenol A (a condensation product of phenol 
and acetone), the relative proportions of the two 
reagents varies the type of product from viscous 
liquids, particularly useful in adhesive formulations, 
to the high melting solids used in paints and surface 
coatings. Epichlorohydrin similarly reacts with 
other phenols (e.g. novolaks, resorcinol), glycols 
and amines giving other useful resins. A new class 
just being introduced commercially, is formed by 
the action of peracetic acid on synthetic inter- 
mediates derived from petrochemicals such as 
butadiene; this class of resins will find particular 
application where heat stability of the glue line is 
of paramount importance. 


Room temperature cure of epoxy adhesives can 
be brought about using aliphatic polyamines such 
as triethylenetetramine; ultra fast hardeners are 
also based on amine derivatives. Polyamides 
derived from vegetable oil acids and polyamines 
are also important; the cured systems have high 
adhesion to metallic and non-metallic surfaces, and 
the polyamide plasticizers give the cured resins 
very good resistance to mechanical shock. Although 
such systems cure at room temperature, the proper- 
ties can be enhanced by post curing at higher tem- 
peratures. The polyamine and polyamide hardeners 
cannot be used where the joints are to be used at 
high temperatures—for these conditions hot cured 
systems containing hardeners such as aromatic 
amines and acid anhydrides are preferred. Many 
other basic and acidic substances can be used as 
curing agents for epoxy resins including melamine-, 
urea- and phenol-formaldehyde resins and poly- 
esters. Recently developed hardeners include liquid 
anhydrides which cure to products with improved 
high temperature performance, latent hardeners for 
stable one-component systems, flame-retardant cur- 
ing agents and a heat cured epoxy-phenolic film 
adhesive which gives bonds serviceable up to 300°C. 


Other materials may be added to the basic resin- 
hardener mixture to achieve special effects. Thus 
solvents may be incorporated, especially where the 
adhesive is to be sprayed onto large areas, or epoxy- 
containing reactive diluents added to modify the 
viscosity and reactivity during cure. Plasticizers 
such as dibutyl phthalate serve to reduce the 
viscosity and give greater flexibility in the cured 
specimen. Many plasticizers or modifiers contain 
epoxy groups or form part of the hardener and 
react into the resin during cure; typical of such 
reactive plasticizers are polysulphide rubbers which 
cure into the resin to give flexible products useful 
for example in cable jointing. Other additives 
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include fillers to control the thickness of the glue 
line, accelerators and even light stabilizers where 
continuous outdoor exposure is required with full 
retention of colour and electrical characteristics. 





Figure 2. Laminated beams in which the laminae are 
bonded with a cold curing resorcinol formaldehyde adhesive. 
(Courtesy of CIBA (A.R.L.) Limited ) 


In addition to their use as a general purpose 
structural adhesive epoxy resins are used in the 
production of glass-reinforced laminates, for pot- 
ting, encapsulating, as casting resins, in moulding 
compositions, in surface coatings of all kinds, as 
light stabilizers for polyvinyl chloride and in the 
manufacture of paints. 


Cyanoacrylate Adhesive’’ 


Cyanoacrylic esters have recently been introduced 
as thermosetting adhesives of a novel type. The 
adhesive is normally supplied as a solution of the 
monomer in a mixture containing thickening agents, 
plasticizers and an inhibitor. 

Thin films of the adhesive are applied to the 
adherends and cure is rapidly effected when the 
adherends are pressed together. The curing reaction 
is a polymerization initiated by a base or water and 
the speed of cure on many surfaces such as glass 
(10-30 seconds) makes the adhesive equivalent to a 


pressure sensitive adhesive but with many of the 
advantages of normal thermosetting resins. The 
cured resin is not particularly resistant to moisture 
or chemical attack and joint strengths are not 
particularly high especially at elevated temperatures, 
but the extreme ease of bonding cannot be matched 
by any other thermosetting material. 


Conclusion 


Among the newer adhesives the polyamides and 
silicones appear to have the greatest potential. The 
well-known polyamide plastics such as nylon have 
high melting points and are insoluble in common 
solvents and they are therefore too difficult to use 
as adhesives alone but find limited application in 
conjunction with thermosetting resins such as 
phenol-formaldehyde. However, mixed polyamides 
from dimerized and trimerized vegetable oil acids, 
e.g. from soya bean oil, linseed oil with di- and 
triamines form soluble low-melting compositions 
which are useful adhesives for metals and in the 
formulation of heat-seal adhesives. These polya- 
mides can also be used in conjunction with epoxy 
resins and as components of thixotropic gel paints. 


Many silicone adhesives are now available and 
are used for bonding metals, silicone rubbers and 
other plastics such as polytetrafluoroethylene, in 
glass fibre reinforced laminates and as protective 
coatings where their high cost can be accepted. 
They consist essentially of a mixture of poly- 
substituted silica chains which can be cross-linked 
by the addition of a curing agent such as an amine 
or a peroxide; the newer formulations can be cured 
at room temperature. The production of a thermo- 
setting resin with a cross-linked silicon oxygen 
structure gives materials which can be used at 
temperatures between 90° and 250°C without 
thermal breakdown. They are resistant to water 
and chemical attack and find particular use in the 
electrical industry and in conjunction with silicones 
and fluorinated polymers whenever excessively 
severe chemical conditions are employed. 
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NEW VARIETIES 


OF MAGNETIC MATERIALS 


k. M. BOZORTH* 
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The various kinds of magnetism are discussed in terms of (1) the interatomic forces on 


which they are based and (2) the bulk properties exhibited by the materials. 


Special 


consideration is then given to recent work on magnetic garnets into which various ele- 
ments have been incorporated and to some rare-earth compounds which are both super- 
conducting and ferromagnetic. 


Four Kinds of Magnetism 


IN INTRODUCING the subject of new varieties of 
magnetic materials, it is necessary first of all to 
review briefly the various kinds of magnetism which 
have been known for many years. Basically, the 
different kinds of interactions between atoms in 
magnetic materials determine whether they will be 
paramagnetic, ferromagnetic, antiferromagnetic, or 
ferrimagnetic. Diamagnetism caused by the effect 
of a magnetic field on the motions of electrons inside 
the atoms will not be considered here, nor will elect- 
ron paramagnetism caused by the effect of the field 
on the conduction electrons in metals. 


There is a simple way of picturing a paramagnetic 
material in which there is very weak or no coupling 
between the various atoms or atomic magnets. This 
is illustrated diagrammatically in Figure la where 
each arrow represents the magnetic moment of a 
single atom. The moments are oriented approxi- 
mately at random, and extremely high fields or very 
low temperatures are required to effect alignment. 
If there is strong ‘ positive’ coupling between the 
atomic magnets, the material is ferromagnetic and 
is composed of domains in any one of which all the 
atomic magnets are aligned parallel to one another, 
as shown in Figure 1b. Neighbouring domains may 
of course have moments oriented in different 
directions. In antiferromagnetism the important 
magnetic coupling between nearest neighbouring 
atoms is such as to align them parallel but in oppo- 
site directions, as illustrated in Figure Ic. If, how- 
ever, there is antiferromagnetic coupling between 
aioms of different magnitude of atomic moment, or 
if the number of atoms pointing in opposite direc- 
tions is different, there is a resultant magnetic 
moment; such a material may be classed as ferri- 
magnetic; it is shown diagrammatically in Figure 1d. 


* This article is based on a Celebrity Lecture by Dr R. § 
B ZORTH to the Permanent Magnet Association on 8th October, 1959. 


The strength and sign of the interactions between 
neighbouring atoms can be discussed by referring to 
Figure 2, where interaction is shown plotted 
against the distance between atoms. The ferro- 
magnetic elements are shown on the positive side 
of the zero line, and antiferromagnetic elements on 
the negative side. BETHE, SLATER and others have 
postulated that when the atoms have the proper 
spacings, the atomic cores of the ferromagnetic 
elements overlap in such a way as to align their 
moments in parallel instead of antiparallel. How- 
ever, attempts to calculate the magnitude of the 
interaction on this model have not been successful. 
In fact the calculations made so far, admittedly with 
simplifying assumptions, indicate that the magnitude 
of the direct mechanical exchange force is much too 
small to account for the ferromagnetism in iron. 
It may be said facetiously that in the iron group of 
elements, iron, cobalt, and nickel, much less is 
understood now than fifteen years ago. 


There is another type of interaction which has 
been evolved in a more recent theory. It is thought 
that there is interaction between atom cores and 
conduction electrons in the case of metals, and that 
this gives rise to ferromagnetism in the rare earth 
elements, e.g. gadolinium. More is now being 
learned about the interaction between magnetic ions 
in the rare earth elements of the gadolinium group, 
and these appear to be much simpler than the iron 
group elements because the part of the atom core 
which is responsible for ferromagnetism is buried in 
the atom and surrounded by another complete shell 
of electrons which has no resultant moment, so 
that it can rotate more freely inside the atom under 
the influence of the field. 


The electronic structure of gadolinium is shown 
schematically in Figure 3. In this atom there are 
eleven electrons in the last two shells, of which three 
are valence electrons loosely bound and eight form 
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completed sub-shells. Inside these there is the 4f 
shell which contains the seven electrons (16 minus 
9) responsible for the magnetic moment. In the 
metallic state the outer (valence) electrons move 
freely past the ions from one ion to the others, and 
will come under the influence of their magnetic 
fields and are thus polarized. (The coupling be- 
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Figure 1. Kinds of magnetism associated with 
various kinds of interatomic interaction: A, 
paramagnetism, weak interaction; B, ferro- 
magnetism, ‘ positive’ interaction; C, anti- 
ferromagnetism, negative interaction; D, 
ferrimagnetism, negative interaction between 
unequal moments. (Courtesy Electrical Engin- 
eering (1956) 75, 135) 
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Figure 2. Form of interaction curve. Inter- 
action measured as Curie (or Néel) point in 
degrees Kelvin (from Recent Advances in 
Science (1956), 257. Courtesy New York 


University Press) 


tween the atom-shell and the electron is antiferro- 
magnetic.) The polarization acquired by an electron 
from one ion will affect the next ion as the electron 
moves along. The result is a tendency for all the 
magnetic moments of the atoms to be aligned 
parallel to one another and so produce a ferro- 
magnetic material. This picture of the polarization 
of conducting electrons was first suggested by 
VoNSOVSKY and by ZENER, and worked out in some 
detail by KITTEL, YOSHIDA and others. 


There is a third kind of force which is responsible 
for the antiferromagnetic coupling in some materials 
exemplified by manganese oxide. In this material 
atoms of manganese interact via an atom of oxygen 
with another atom of manganese, according to the 
quantum mechanical forces of exchange. Such 
* superexchange ’ results in antiparallel alignment of 
the magnetic moments of neighbouring manganese 
ions. 


Superexchange giving rise to antiferromagnetic 
coupling also occurs in ferrimagnetic materials, the 
resultant moment of ferrites being due to the differ- 
ences between the magnetic moments of the two 
types of ions whose moments are antiparallel. 


Recently research on ferrites of various kinds has 
been accelerated considerably. There are the 
familiar ferrites having the spinel structure, the 
orthoferrites, barium ferrite (Ferroxdur), and ferrites 
having the garnet structure. The new non-metallic 
ferrites have found many applications and are 
better understood than the magnetic metals. 


Measurement of Different Kinds of 
Magnetism 


Now let us consider the properties of paramagnetic, 
ferromagnetic, and antiferromagnetic materials. Two 
of the important quantities to be measured in a ferro- 
magnetic material are the magnet moment and the 
Curie point. The latter quantity is not always easy 
to determine. Figure 4 shows the classical method 
as applied to one of the rare earth compounds 
examined at the Bell Laboratories recently. The 
magnetization, o, for an applied field, H, of 12,000 
oersteds is measured at absolute temperatures, 7, 
from about 16°K down to nearly 1°K, and similar 
measurements are made at the lower field strengths 
of 8000, 4000, 2000 and 1000 oersteds. The classical 
method is to plot H versus T at constant o and 
extrapolate to H = 0 to give 7). Then o? is plotted 
against 7, and the intercept of this straight line on 
the temperature axis gives the Curie point below 
which the material will be ferromagnetic and above 
which it will be paramagnetic. The initial suscept- 
ibility of the material is also measured and is shown 
plotted as 7) against temperature on the same figure. 














de 
Ce} 


the 














NEW VARIETIES OF MAGNETIC MATERIALS 


According to the theory, the initial susceptibility 
should be a maximum at the Curie point. The agree- 
ment between the two methods is very close, giving 
Curie points of 6-2°K and 6-4°K. It is interesting to 
note that there are no radical changes in the magnet- 
ization versus temperature curves as the temperature 
increases through the Curie point, but it is often 
observed that the point of inflection occurs at a 
temperature very close to the Curie point. The 
double-valued points are due to magnetic hysteresis 
which sets in below the Curie point. 


Recently electron diffraction techniques have been 
developed by BLACKMAN at Imperial College to 
determine the Curie temperature of a ferromagnetic 
material. The electron beam is directed across the 
surface of the specimen in the electron diffraction 
apparatus. If the material is spontaneously magnet- 
ized in various directions, the beam of electrons will 
be deflected as it passes close to the surface, because 
the domains at the surface of the material produce 
fields a short distance away from it. The photo- 
graphs so obtained show irregularities due to the 
domain fields. These irregularities disappear at the 
Curie point as the material is heated. 


The characteristic of a simple antiferromagnetic 
material is demonstrated in Figure 5a, which shows 
a molar susceptibility versus temperature curve for 
manganese fluoride. As the material is heated a 
sharp maximum is reached at the Néel temperature 
(above which the antiferromagnetic ordering is 





Figure 3. Structure of gadolinium ion, Gd**, 
and nature of exchange interaction through 


conduction electrons. (Schematic) 


destroyed by thermal agitation) and then the sus- 
ceptibility decreases, a characteristic of antiferro- 
magnetic material behaving according to the simple 
theory for such a material. 
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The susceptibility versus temperature curve of 
copper fluoride, shown in Figure 5b has a somewhat 
different form. The peak is not so sharp, and the 
shape of the curve departs definitely from the 
theoretical one. Antiferromagnetism can be tested 
for by neutron diffraction, by means of which it is 
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Figure 4. Magnetization of Gdpo.os2 Céo.913 Rus 
versus temperature for various field strengths, 
showing method for determining Curie point, 
63° K. Double values show hysteresis. Xp 
curve also shows Curie point determined from 
initial susceptibility (a,—magnetization per 
mole). (Courtesy Phys. Rev. (1960) 119, 1571) 


possible to determine the temperature at which the 
atoms become polarized. The Néel temperature can 
also be determined using antiferromagnetic reson- 
ance techniques; this has been done by SHULMAN, 
who found that in copper fluoride the temperature 
of ordering does not correspond to the peak of the 
curve but occurs at the temperature marked by the 
arrow in Figure 5b. Thus the position of the maxi- 
mum in the curve does not necessarily determine the 
Néel point. It is believed that the rounded form of 
the maximum points to the existence of some 
ferromagnetic as well as antiferromagnetic coupling 
between atoms. 


Ferromagnetic Garnets 

The properties of garnet materials are being invest- 
igated in detail at the Bell Telephone Laboratories 
and at other places. These magnetic materials have 
the cubic structure of the gem garnet; the prototype 
is yttrium iron garnet having the formula Y,Fe, 
Fe,0,.. The three atoms of yttrium are each 
surrounded by eight atoms of oxygen, two of the 
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atoms of iron by six oxygens, and the three other 
atoms of iron by four oxygens. The two sets of iron 
atoms are antiferromagnetically coupled, with the 
three pointing in one direction and the two in the 
opposite direction. The net magnetic moment of 
one molecule is then the moment of one iron atom, 
or five Bohr units, and this determines the magnetic 
saturation at absolute zero. 


Other magnetic atoms may be substituted for 
the non-magnetic yttrium, for example gadolinium 
which is strongly magnetic. Table ] shows some of 


Table 1. Some substitutions in magnetic garnets 











Ys; (Dodec.—8)| Fe, (Octah. —6) | Fe, (Tetr.—4) | Or: 
Gd 3+ | Co2+ | Al3+ | 
Ca 2+ Ni 2+ Ga 3+ 
Mg 2+ Mn 2+ Si 4+ | 
Sr 2+ | Cr 3+ Ge 4+ | 
Mn 2+ Sc 3+ As 5+ 
Fe 2+ | In 3+ 
Na 1+ | Ti 4+ 
Sn 4+ 
| Zr 4+ | 








the atoms that have been incorporated into various 
parts of the structure. Monovalent or pentavalent 
ions may even be put in as long as the average 
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Figure 5. Antiferromagnetism in two com- 
pounds, showing peaks of varying sharpness 
(Xm=molar susceptibility) 


valence of the metallic ions is maintained at three so 
that the whole molecule is electrically neutral. The 
position chosen by a given iron depends principally 
on its size, but other considerations also enter. 
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Figure 6. Magnetization curves of garnet 
containing some octahedral iron replaced by 
zirconium (om = magnetization per mole). 
(Courtesy J. Phys. Chem. Solids (1960), 13, 30) 


It is known that the strongest antiferromagnetic 
forces exist between the octahedrally and tetrahe- 
drally surrounded ions. In Gd,Fe,O,5, for example, 
the net moment of the iron ions is 5 Bohr units, 
the moment of the three Gd ions is 21; the latter 
are antiferromagnetic to the tetrahedral Fe ions so 
that the saturation moment of the molecule is 16 
Bohr units. 


The effects of the substitution of tin and zirconium 
for iron have recently been studied in some detail. 
It will be noticed from the molecular formulae at 
the top of Figure 6, as well as from Table 1, that 
zirconium goes into the octahedral position. The 
valence of zirconium, four, has been balanced by 
adding some calcium with a valence of two. The 
magnetic moment of this compound has been 
measured from 280°K down to nearly 0°K at field 
strengths of 4000 and 12,000 respectively. The 
plotted curves of Figure 6 are then easily extrapo- 
lated to absolute zero and infinite field. 


From measurements of this kind for garnets con- 
taining various amounts of tin and zirconium data 
are obtained as shown in Figure 7. Lf, for example, 
one atom of tin is substituted for one atom of iron 
per molecule, it is found that the magnetic moment 
in Bohr magnetons, mg, is about 5-2. One would 


expect that if all of the tin ions occupied the octa- 
hedral position, and if the moments of all of the 
magnetic atoms were effective, the saturation mo- 
ment would be 10 Bohr units. To explain the smal ier 
observed moment GILLEO has developed a theory, 
according to which the moment is given by the 
broken line in Figure 7. 
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The basis of Gilleo’s theory may be explained by 
rference to Figure 8. If enough tin is added to this 
material in the octahedral position so that each 
tetrahedral iron is surrounded by tin atoms and has 
no iron neighbours, we have the geometry shown on 
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Figure 7. Theoretical and experimental 

variation of magnetic moment (at 0°K) with 

composition, in { Y3_y Cay}(Zry Fes_y|\(Fes) O12 

(y=number of nonmagnetic ions per formula 

unit in octahedral sites). (Courtesy J. Phys. 
Chem. Solids (1960) 13, 30) 


the left-hand side of the figure. If on the contrary 
there is insufficient tin, then there will be some iron 
in octahedral positions next to an iron in a tetra- 
hedral position, as shown on the right-hand side of 
the diagram. [If all the octahedral positions were 
occupied by tin it is obvious that none of the iron ions 
could be influenced by its nearest metal-ion neigh- 
bours because these would all be nonmagnetic, and 
the material as a whole would not be ferromagnetic. 
For a given amount of tin it is possible to calculate 
the number of iron atoms that can have ferromag- 
netic interactions with their neighbours. GILLEO has 
found that the calculated magnetization agrees with 
observation assuming that it is necessary to have 
two neighbouring octahedral iron atoms around a 
tetrahedral iron atom in order for these atoms to be 
ferromagnetic. This is consistent with the quantum— 
mechanical view of the exchange coupling. 


One of the many other garnets which have been 
ex:mined at Bell Laboratories has the formula 
Mn,Fe,Ge,0,;2., and its behaviour is shown in 
Figure 9. This substance appears to be antiferro- 
Mzgnetic below 8°Kelvin. At present no further 
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interpretation is possible. But by the study of 
garnets and other compounds it is hoped that more 
will be found out about the nature of magnetic 
interactions in crystals. 


Ferromagnetic Superconductors 


Another aspect of the investigation of ferromagnetic 
materials which contain rare earth elements will now 
be considered. 


The ferromagnetic compound GdRu, has been 
mentioned above; another compound having the 
same structure, CeRuz, is not ferromagnetic but is 
superconducting below 5°Kelvin. If 8 per cent of 
the compound GdRu, is introduced into CeRu, a 
solid solution is formed which is both supercon- 
ducting and ferromagnetic. A conventional hys- 
teresis loop of this material, measured at 4-2°K, 
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Figure 8. 
tetrahedrally surrounded Fe** ion in a garnet 
with some octahedral Fe*+ replaced by Sn‘ 
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Figure 9. Antiferromagnetism of Mn, Fe, Ge, Or,» 
(om = magnetization per mole). (Courtesy J. Phys 
Chem. Solids (1959) 11, 266) 
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shows that it is ferromagnetic (Figure 10). However, 
if the temperature is reduced to 1-3°K an unusual 
hysteresis loop is obtained as shown in Figure 11. 
The negative slope of the magnetization-field curve 
proves that it is superconducting: theory requires 
that a superconducting material maintains a con- 
stant induction when there is a change in the applied 
field. Thus, if the field changes, there must be a 
compensating change in the intensity of magnetiz- 
ation, J, according to 
B=H-+4nl 
so that when AB = 0 the slope of the magnet 
ization-field curve is negative: 
AI/AH= —1/42 

In Figure 11, o,, = MI/d, where M is the molecular 
weight and d the density, and the slope of the line 
for AB = 0 is shown by the broken line. When H 
is large enough superconductivity is destroyed and 
the magnetization approaches saturation in the 
usual way. 

The dotted line in Figure // is the magnetization 
curve calculated for the material assuming that the 
material is purely paramagnetic. The fact that the 
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Figure 10. Loop for 8-2 per cent GdRu, at 

4-2°. Loop is normal in form, initial curve 

shows slight superconductivity (om = magnet- 

ization per mole; H = magnetic field). (Courtesy 
Phys. Rev. (1960) 119, 1571) 


observed curves lie considerably a the calculated 
one is a strong indication that the material is ferro- 
magnetic. The negative slope shows that the 
material is definitely superconducting, so that this 
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Figure 11. 
1-3°, showing ferromagnetism and_ super- 


conductivity (om = magnetization per mole; 
H = magnetic field). (Courtesy Phys. Rev. 
(1960) 119, 1573) 
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Figure 12. Loop for 4 per cent GdRuz in 

Ce Rug, at 1:3°K (om = magnetization per mole; 

H = magnetic field). (Courtesy Phys. Rev. 
(1960) 119, 1572) 


material is both superconducting and ferromagnetic. 
One possible interpretation of the structure of this 
material is that it contains domain-sheets of super- 
conducting material adjacent to domains of ferro- 
magnetic material, these alternating with each other. 
It would be gratifying to show this by powder 
patterns, but it has not yet been possible to do this 
experimentally. 


The behaviour of material of another composition, 
4 per cent gadolinium ruthenium in cerium ruthen- 
ium at a lower temperature of 1:3°K is shown in 
Figure 12. The characteristic attributed to super- 
conduction is more pronounced here than in Figure 
11, the superconducting point beginning at a field 
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of 2 kilo-oersteds and rising very steeply to a 
maximum on the vertical axis. The curve follows 
closely the theoretical curve of a perfect supercon- 
ductor in which there is no change in B. These 
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Figure 13. Hysteresis loop of 4-9 per cent 

erbium in lanthanum metal, showing double 

peak when om (magnetization per mole) is plot- 

ted versus H (magnetic field). (Courtesy Phys. 
Rev. (1960) 119, 1575) 


measurements show no sign of ferromagnetism. The 
measured curve follows closely the theoretical dotted 
curve for a pure paramagnet. 


The characteristic of another superconducting 
material, 4-9 per cent erbium in lanthanum, at 
2:2°K, is shown in Figure 13. It is known from other 
experimental work that this is paramagnetic and 
not ferromagnetic. It will be observed that there are 
unexpected discontinuities in the second and fourth 
quadrants, according to measurements that have 
been repeated several times. If B is plotted instead 
of J, derived from B= H + 4nI, a loop of quite 
different character is obtained, as seen in Figure 14. 
It was found that the material had the characteristic 
properties of a superconductor (B constant) over 
part of the loop, but when the applied field was 
sufficiently high the superconductivity was des- 
troyed and the flux expelled from the material. By 
increasing the field still further it is found that some 
superconductivity remains, but at the highest field 
Strengths it disappeared again, as one would expect. 


Thus a distinctly new type of material, the ferro- 
magnetic superconductor, has been proved to exist 
at very low temperatures. Such materials have 
negative initial permeabilities and hysteresis loops 
of an entirely new shape. It is postulated that they 
are composed of domains of ferromagnetism alter- 
nating with domains of superconduction, the latter 
having a magnetization antiparallel to the applied 
field. 


It appears that much is to be learned about ferro- 
magnetism and superconductivity from a study of 
compounds and alloys of the rare earths, including 
their dilute solutions. 
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Figure 14. Loop of same material when B 
(induction) is plotted versus H magnetic field. 
(Courtesy Phys. Rev. (1960) 119, 1575) 


Much of the recent work mentioned in this article 
has been carried out in collaboration with Dr S. 
Geller (on garnets) and with Dr B. T. Matthias (on 
ferromagnetic superconductors). References to these 
original papers, and to papers by others mentioned 
in the text, can be found in Science Abstracts. 


The writer is greatly indebted to Dr D. Hadfield, 
Chairman of the Technical Committee of the Per- 
manent Magnet Association, for the help he has given 
in the preparation and publication of this article. 





PROPERTIES OF GRAPHITE 
Part II|—Crystal Compounds and Irradiated Graphi‘e 


L. C. F. BLACKMAN 


Department of Chemical Engineering, Imperial College of Science and Technology, London 


Most chemical reactions of graphite involve entry of atoms or molecules into the inter- 


layer spaces between the hexagonal networks. 


This article describes the somewhat 


analagous structures which are produced when graphite is irradiated with high energy 


particles. 


Parts I and II of this tripartite article were published in the October and 


November issues of Research. Reprints of the three articles are available on application 
to Butterworths. 


GRAPHITE reacts with a wide range of substances to 
form ionic crystal compounds in which the reacting 
specie is intercalated between the parallel layer 
planes of carbon. Although a continuous range of 
these so-called lamellar compounds may be obtained 
up to a limiting composition, by controlling the 
extent of reaction, only certain compositions corres- 
pond with definite stoichiometric chemical com- 
pounds. Such compositions, for example, C,K, 
CuK, C3,K efc., are characterized by their x-ray 
diffraction patterns which reveal differences in the 
frequency of occupation of the interstitial planes in 
the structure. 


In another very much smaller group of crystal 
compounds oxygen or fluorine atoms are covalently 
bonded to the carbon networks. As a result of the 
sp® bonding the carbon networks become puckered; 
this destroys the aromatic and metallic character of 
the graphite, with the result that the compounds are 
very poor conductors of electricity. 


Somewhat analogous changes in structure occur 
when graphite is irradiated with high energy parti- 
cles; here the species which invade the interstitial 
planes are carbon atoms ejected from the hexagon 
networks. The very pronounced changes in the 
structural, thermal, electrical and mechanical 
properties which accompany irradiation are of great 
importance when graphite is used as a moderator 
and as a structural material in nuclear reactors. 


During 1959 three leading investigators, namely 
RUporrr, HENNIG and Crort, have each published 
comprehensive review articles on graphite crystal 
compounds!***. The subject is also dealt with in the 
recent book on graphite by UBBELOHDE and Lewis‘. 
In spite of this attention it is felt that the present 
series of articles on graphite®* would not be com- 
plete without a discussion of the compounds. 


lonic Lamellar Compounds 


The earliest account of a graphite lamellar com- 
pound was given in 1841 by SCHAFHEUTL’ who 
observed that when graphite was placed in con- 
centrated sulphuric acid containing a small amount 


of nitric acid it swelled and turned blue in colour. 
Since then a great number of lamellar compounds 
have been prepared, and in several cases their 
crystal structure has been determined by x-ray 
methods. 


From available x-ray evidence it appears that one 
general characteristic of intercalation reactions is 
that the simultaneous occupation of all interlayer 
planes does not occur. The reaction proceeds in a 
series of stages, starting with the occupation of only 
widely spaced planes and ending at saturation with 
the occupation of either every layer or every altern- 
ant layer. Moreover, once any layer is attacked it 
tends to become filled before more closely spaced 
layers are attacked. The definite chemical com- 
pounds referred to above correspond to compo- 
sitions where, for example, every layer or every 
second, third, fourth efc. layer is filled to saturation. 
Such structures are referred to as stages; i.e. stage |, 
stage 2, stage 3 etc. (Figure 1). 


A second characteristic of the ionic lamellar 
compounds is that their electrical conductivity 
exceeds that of the parent graphite. This is due to an 
increase in the number of current carriers in the 
graphite 2 electron bands through an exchange of 
electrons between the intercalated substance and 
the 2-band. The terms donor and acceptor are 
applied to compounds in which electrons are donated 
or accepted by the intercalated species. 


A third characteristic of most lamellar compounds 
is that stage 2 and more concentrated compositions 
show very intense colours, of which blue is the most 
common. It is surprising that there has been no 
investigation of the origin of the colour but it is 
presumably associated with the transfer of charge. 
In this respect it is noteworthy that whereas the 
alkali metal donor compounds have colours ranging 
with composition from blue, through red, to bronze, 
the acceptor compounds appear to be blue only. 


A final general feature of the lamellar compounds 
is that although the reactions are essentially re- 
versible it is usually not possible to extract the 
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in‘ercalated substance completely. The relative 
composition of the so-called residue compound 
varies according to the nature of the intercalated 
sp2cie but tends to be greater for graphites of large 
crystallite size}, 


[he various lamellar crystal compounds fall 
naturally into separate groups according to the 
nature of the additive. It will be seen, however, that 
there are broad similarities between the properties 
of the different groups. 


Graphite Salts 


When graphite is oxidized in the presence of certain 
acids, anions such as HSO;, HSeO;7, ClO7, NO;, 
CF,COO- etc. are intercalated together with 
unionized molecules of the corresponding acids. 
Oxidizing agents that have been used include nitric 
acid, CrO,, KMnO,, MnO, and As.O,, but it is often 
more convenient to achieve anodic oxidation by 
means of an external battery. With concentrated 
acids the saturation composition of most graphite 
salts corresponds to ‘the mole ratio C/acid = 8, 
where the major proportion of the additive is 
unionized. These compounds have the stage 1 
structure (Figure 1). With more dilute acids the 
limiting composition is less; for example, in 83 per 
cent sulphuric acid only the second stage is reached 
and in 63 per cent acid only the third stage is 
reached?. 


The general anodic reaction in concentrated 
sulphuric acid may be represented by the equation 
mC + 3H,SO,—-—> C;,HSO7.2H,SO, + H* + e~ 
where m is determined by the extent of oxidation. 
At saturation m = 24. With slow rates of electro- 
lysis unit efficiency is approached** so that com- 
pounds of controlled composition may be prepared. 
Compositions below the saturated first stage may be 
prepared also by reduction of the first stage com- 
pound. As in the case of oxidation, this reduction 
may be achieved either chemically or electro- 
chemically. The electrochemical character of the 
reversible reaction is illustrated by the fact that if a 
flake of pure graphite is connected by a wire to a 
flake of C3},HSO7.2H,SO, in concentrated sulphuric 
acid there is a flow of current and both flakes tend to 
teach equal composition!’. 


Isoiation of the graphite salts is difficult as they are 
Stable only in the parent acid or in an inert liquid 
such as pyrophosphoric acid. Vigorous decompo- 
sition occurs in water and in most organic liquids. 
Double decomposition between one salt and another 
aci’ enables a series of different salts to be prepared 
after one initial oxidation reaction. 


All the above graphite salts are acceptor com- 
Pounds in which the intercalated specie carries the 


negative charge. The corresponding formation of 
donor compounds has been claimed by Dzurus and 
HENNIG!! by the anodic reduction of graphite in 
liquid ammonia containing dissolved ammonium 
salt, or in liquid amine. The general formula may be 
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Figure 1. Schematic representation of the sequence 

of carbon and additive layers in the stage |\—4 

graphite lamellar compounds. The letters A and 

B refer to the mutual orientation of neighbouring 

carbon planes’; this determines the minimum 

repeat unit of layers as illustrated for the stage 
2—4 compounds 


written C,,NHj..NH;. The existence of these 
compounds has not been proved by x-ray methods 
but is inferred by changes in electronic proper- 
ties. The ammonium compounds are highly 
unstable? ??. 


Graphite—Alkali Metal Compounds 


Unlike the graphite salts which require auxiliary 
oxidizing or reducing agents for their formation, 
donor compounds of graphite with the alkali metals 
potassium, rubidium and caesium are formed by the 
direct reaction of graphite and the alkali metal 
vapour or liquid. FREDENHAGEN and his co-workers" 
in the late 1920’s showed that bronze-coloured 
compounds of composition C,Me were formed at 
temperatures around 250° to 300°C. SCHLEEDE and 
WELLMANN* later showed that these compounds 
have the stage 1 structure in which the carbon 
layers alternate with the metal layers. More dilute 
compounds, in which more than one carbon layer 
separates the metal layers, are obtained either by 
incomplete reaction or by the cautious heating of 
C,Me. As the metal content diminishes there is a 
change of colour from bronze, through red—purple, 
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to blue at the stage 2 composition C,,Me. The stage 3 
composition C3,Me is blue-black and thereafter the 
more dilute compounds are indistinguishable in 
colour from pure graphite. 


The three alkali metal compounds are extremely 
reactive and oxidize or hydrolyse immediately on 
exposure to air. When in a finely divided state the 
more concentrated compounds are pyrophoric. The 
compounds are vigorously decomposed by water 
with the evolution of hydrogen and the formation of 
the alkali metal hydroxide. 


For a long time it was thought that graphite— 
sodium compounds were not formed but in 1958 
Asher and Wilson reported the preparation of a 
violet compound of composition C,,Na. From 
x-ray diffraction data AsHER™ proposed that it had 
a stage 8 structure. The remaining alkali metal, 
lithium, does not appear to form a normal lamellar 
compound. HEROoLp"* found that prolonged heating 
of graphite and lithium at 500°C resulted in the 
formation of a compound C,Li,. Shorter heating 
times gave intermediate compounds, for example 
C,Li. The exact structure of these compounds is not 
known at present. 


In view of the differences in the direct reaction 
between graphite and the three alkali metals it is 
suprising to find that there is no difference in the 
presence of liquid ammonia. When graphite is 
suspended in a solution of excess alkali metal (and 
also alkaline earth metal) in liquid ammonia inter- 
calation of both metal and ammonia occurs’. In 
the limit a dark blue stage | structure of compo- 
sition C,,Me(NH;). is formed. The potassium, 
rubidium and caesium compounds are also formed 
when C,Me is dissolved in liquid ammonia: 

3 C,Me + 4 NH; = 2 C,.Me(NH3). + Me 
The ammoniates are very sensitive to air (but not 
pyrophoric) and react violently with water to give 
hydrogen and mixed alkaline solution. The ammonia 
cannot be removed by warming in vacuo but the 
compounds decompose when heated with the 
evolution of hydrogen and the formation of the metal 
amide. 


Graphite-~Halogen Compounds 

Pronounced differences in the ionic radii, electron 
affinity and polarizability of the halogens lead to their 
very different reactivity towards graphite’*’*. The 
only halogen to form a series of planar lamellar 
compounds at room temperature is bromine’*. This 
reacts both in the liquid and gaseous states to form 
the limiting stage 2 acceptor compound C,Br. The 
bromine compounds are stable only in an atmos- 
phere of bromine; most of the intercalated bromine 
is rapidly given off on leaving the compound in 
air. In contrast to the spontaneous formation of 


bromine compounds there is no perceptible reaction 
between graphite and iodine, and chlorine reacts 
only slowly at temperatures below about — 30°C; 
here, however, the limiting composition is C,C! as 
for graphite—bromine”’. The position of fluorine in 
the halogen series is similar to that of lithium in the 
alkali metal series; reaction does occur but only 
covalent non-planar compounds CF and C,F are 
formed (see later). 


Iodine monochloride, which resembles bromine in 
certain respects, is readily intercalated at room 
temperature to form the limiting compound C;ICl. 
It is not known from available x-ray data whether 
this compound has the stage | or stage 2 structure". 
The same uncertainty exists in the case of the 
limiting graphite-cromyl chloride compound which 
is formed in a similar way to the iodine mono- 
chloride compound". 


Graphite—Metal Halide Compounds 

Following earlier work by Thiele in 1932, RUDORFF 
and ScHuULzeE*! described a stage | compound of 
approximate composition C,FeCl, formed by heat- 
ing graphite and anhydrous ferric chloride together 
at 200° to 300°C. Crorr*®** later found that a 
great many metal halides could be intercalated ina 
similar way. 

A fact not noted by Croft is that intercalation of 
all metal halides appears to require the presence of 
an excess of chlorine or some other electron acceptor 
specie. One explanation is that the excess halogen 
constitutes the ionic component of the system and 
that metal halide is present merely as a ‘ spacer’ 
molecule**. On this basis the formula of the 
aluminium chloride compound may be written 
CzCI-.3AICI,, which is analogous to that of the 
graphite salts. Although there is strong support for 
this general structure, for example, the amount of 
halide intercalated is proportional to the amount 
of electron acceptor present, further work is clearly 
necessary to establish the exact nature of the 
compounds. 


Other Graphite Lamellar Compounds 

Crort™ has shown that a number of metallic 
oxides and sulphides can be intercalated in graphite. 
Reactions were carried out in sealed glass tubes at 
temperatures ranging from 200°C (TI.S and MoO;) 
to 570°C (V.S;, MoS., WS, and PdS). The structure 
of the compounds have not been determined and it is 
therefore not known whether their formation is 
stepwise as in the case of other graphite lamellar 
compounds. From a survey of the substances that 
will or will not intercalate in graphite Crort” 
proposes that intercalation of metal halides, oxides 
and sulphides only occurs when they are in their 
higher valency states. 
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Crystal Structure of 
Icnic Lamellar Compounds 


The first compound for which the stepwise uptake of 
additive was established by x-ray methods was 
graphite—bisulphate*. Eleven separate chemical 
compositions and structure states were involved. 
Later RUporFF and ScHULZE”’ established the 
existence of five stages in the range between C,Me 
and Cg oMe for the compounds with potassium and 
rubidium. 


Whereas in the graphite salts the composition of 
the filled layers is the same for all stages, this is not 
the case for the graphite—alkali metal compounds. 
In the stage 1 compound the metal atoms form a 
triangular network (Figure 2a) but in the other 
stages, as in all stages of the graphite salts, the 
density of packing is less by one third and the atoms 
form a hexagonal network (Figure 2b). From 
Figure 2, which shows the networks in relation to the 
adjacent carbon networks, three characteristic 
features of graphite compounds may be seen: (/) 
each intercalated atom or molecule has twelve 
equidistant carbon neighbours, (2) the distance 
between the intercalated species is twice the a-axis 
dimension of the graphite unit cell® and (3) the 
stacking sequence of the carbon layers adjacent to 
the intercalated layer is AA compared with AB 
in the untreated graphite®. This difference, and the 
way in which it determines the identity period of the 
different stages, is indicated in Figure /. 


The difference in the density of packing in the 
first two stages of the alkali metal compounds was 
not realized by SCHLEEDE and WELLMANN"‘ and they 
therefore derived the composition C,,Me for the 
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Figure 2. Position of the intercalated atoms 

or molecules relative to the carbon hexagon 

networks. (A) triangular packing in the stage I 

alkali metal compounds, (B) hexagonal pack- 

ing in the graphite salts and in other stages 
of the alkali metal compounds 


second stage compound. HEROLD* has confirmed 
that the composition C,,Me does not correspond to 
a definite stoichiometric compound by studying the 
isobaric decomposition of C,;Me. As shown in 
Figure 3 the first clear plateau after C,K occurs at 
the composition C.,K. 
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Figure 3. Isobar curve for potassium-graphite. 
The composition is plotted as a function of the 
relative difference in temperature between the 
graphite (T,) and the potassium (T,=250°C) 


According to RUporFF and SCHULZE”’ the intro- 
duction of the alkali metal layer leads to the same 
increase in interlayer spacing for all structures. This 
is also the case for most other lamellar compounds 
but RUporFF** does report a difference in spacing 
for the first three stages of some graphite salts (the 
difference is quite pronounced in graphite—per- 
chlorate) on the basis that the spacing between 
unoccupied carbon layers is 3:35 A as in ideal 
graphite. However, in a later publication RUpoRFF” 
proposed a possible alternative structural formula- 
tion of the unit cells of the graphite salts based on a 
contraction of the spacing between those unoccupied 
layers which are immediately adjacent to occupied 
ones. This question has also been discussed by 
UBBELOHDE and Lewis‘. Much more refined 
structural analysis on single crystal compounds 
would be necessary to settle the matter 


Various data are collected in Table /, mostly 
obtained by Riidorff and his co-workers, for the 
spacing of the expanded layers of a selection of 
lamellar compounds. The sign of the charge of the 
ionic specie is indicated. 
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Table 1 
Tonic Interlayer Tonic Interlayer) 
specie spacing, A specie spacing, | 
Ae ated cE) Bet eeds : cel 
Na 4:55 Br- | 7-05 
K- 5-41 NO; 785 | 
Rb* 5-61 Clo; | 7:95 | 
Cs* 5-95 HSO; | Fe | 
Me(NH,)3 6°65 HF; 8-06 
(for Me=Li, CF,COO- | 8-19 
Na, K, Rb, | HSeO; 8-26 
Cs and Ca) FeCl; | 9-38 | 
Li(CH,NH;)} 69 AICI; | 9-52 





Electronic Properties of 
lonic Lamellar Compounds 


The electrical conductivity of intercalation com- 
pounds was first reported in 1940 by RUporrFF and 
SCHULZE”! who found that the conductivity of 
compacts of graphite-ferric chloride powder ex- 
ceeded that of untreated graphite for compositions 
up to about C;,FeCl,. This was cited as evidence 
that the metallic nature of graphite was preserved in 
the compounds. Chronologically, the next observa- 
tion that the conductivity of graphite increases on 
compound formation (with bromine) was probably 
that of Norvic and NEuBERT in 1944 but their work 
was not published until 1956°°. This delay leaves 
two investigators, HENNIG* and UBBELOHDE"’, as the 
true finders of the now well established fact that 
the conductivity of graphite intercalation com- 
pounds exceeds that of pure graphite. The above 
investigators published their findings almost simul- 
taneously in 1951, Hennig for the anodic oxidation 
of artificial polycrystalline graphite in concentrated 
sulphuric acid and Ubbelohde (with co-workers 
PINK and McDonneL) for bromine-graphite and 
potassium-graphite prepared from graphite powder. 


Band Theory Models 


The decrease in electrical resistance and the change 
in the sign and magnitude of the thermoelectric 
power was interpreted qualitatively by McDonnel, 
Pink and Ubbelohde, in terms of an increase in the 
number of current carriers in the graphite 2-band 
resulting from a transfer of electrons to (electron 
donor atom potassium) or from (electron acceptor 
atom bromine) the graphite macromolecules. The 
general scheme is illustrated in Figure 4, based on the 
Wallace two-dimensional band model®. 


HENNIG* used the same band model but considered 
the matter in greater detail; he attempted to 


correlate his experimental! findings quantitatively in 
terms of Wallace’s equations for the electrical 
resistivity and Halli coefficient by making allowance 
for the progressive change in the position of the 
Fermi level as the oxidation proceeded. Briefly, the 


derived expression for the relative change of resist- 
ance R/R, at room temperature is approximately 
R/ Ro = log,2/log.2 cosh 42m} 

where m is the number of electrons per carbon atom 
removed from the graphite lattice. The experimenial 
curve of the relative resistance as a function of the 
degree of oxidation m was in remarkably good 
agreement with theory; the corresponding correla- 
tion in the case of the Hall coefficient was, however, 
less satisfactory although the direction of the change 
to more positive values was observed. 


It is now known that the close agreement in the 
resistance curves was fortuitous for one very 
important reason; whereas the theoretical cx- 
pression relates solely to a-axis phenomena, measure- 
mients performed on polycrystalline samples relate to 
changes in both the a- and c-axis crystallographic 
directions and also to changes in the intercrystallite 
and possibly strain induced resistances. This point is 
illustrated for the system graphite-bromine in 
Figure 5 where it is seen that the behaviour of 
polycrystalline graphite is intermediate between that 
of a-axis and c-axis orientations as revealed by 
recent measurements on highly oriented pyrolytic 
graphite**. Although the use of a two-dimensional 
band model is inadequate to describe changes in a 
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Figure 4. Schematic representation cf the dens‘t) of 

n electron states and of the majority current carriers in 

graphite acceptor and donor compounds*. (Simple two- 
dimensional model) 


layer structure in which there is a progressive change 
in the finite interlayer interaction during compound 
formation, no satisfactory three-dimensional r odel 
has yet been proposed. 
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Anisotropic Electrical Properties 


In order to obtain definitive information regarding 
the change of resistance in the two principal crystal- 
lographic directions during compound formation it 
would be necessary to use single crystal specimens of 
graphite. For reasons discussed in Part J this is 
technically extremely difficult and has not been 
accomplished to date. Very significant advance over 
the use of polycrystalline graphite has been achieved, 
however, with specimens of highly oriented pyrolytic 
graphite. In favourable cases this material has many 
properties which approach those of single crystals. 
In particular, the electrical resistivity is highly 
anisotropic; in the direction of the preferred a-axis 
the specific resistance may be as low as 4 x 107° ohm 
cm whereas in the perpendicular direction it is 
about 10* times as great**-**, 


By mounting suitably shaped specimens in four- 
terminal electrical assemblies** information has been 
obtained*!**235 about the relative change of 
resistance in both a-and c-axis directions on inter- 
calating the ionic species Br~, [Cl-, HSO;, AICI;, 
K~, Rb*+ and Cs*. A general conclusion suggested 
by this work is that whereas the change in a-axis 
resistance is essentially similar for both donor and 
acceptor species, there is a striking difference in their 
effect in the c-axis direction. This is illustrated in 
Table 2 for various compounds that are saturated or 
nearly so}. 





Table 2. Relative change of c-axis resistance 
Acceptor graphite R ‘Donor graphite |(R ) 
compound (R,, c compound (2, c 
CBr 0:32 C.K 0-003 
Cig 0-35 C,Rb 0-005 
C3,HSO7.2H,SO, 0-40 C,.Cs 0.008 | 
CZ.,CI-.3AlCl, 0-27 


The surprising similarity in the effect of the differ- 
ent acceptor species, together with the order-of-mag- 
nitude difference between donors and acceptors, 
suggests the need for a three-dimensional band 
approach which would allow changes of electrical 
properties to be explained in terms of donor and 
acceptor energy levels. Such a model could also be 
used to interpret the fact that the a-axis electrical 
resistance falls to near the limiting value of about 
©-| in the early stages of compound formation when, 
according to x-ray evidence, each filled layer is 
widely separated from its neighbours. On an 
‘isolated layer’ model the effective decrease in 
resistance of the intermediate unoccupied layers 
could only be explained in terms of very long range 
polarization forces (cf. the 11 stages of graphite 
bisulphate). 
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Figure 5. Effect of bromine on the electrical resistance 
of a- and c-axis pyrolytic graphite and of polycrystalline 
graphite** 


Support for the need of a three-dimensiona! model 
for the electronic properties of graphite crystal 
compounds is provided by observations of their 
thermoelectric power. Thus BLACKMAN, DUNDAS 
and UBBELOHDE™ have shown that intercalation of 
very small amounts of donor or acceptor additives 
cause pronounced, and qualitatively similar, changes 
in the thermoelectric power for both crystal direc- 
tions (Table 3). 





Table 3. Thermoelectric power of dilute compounds 
(nV/°C) 
a-axis direction c-axis direction 
” CyoooK 4 Cyo00K 
10 11 
parent parent 
graphite graphite 
5 +6 
* CoooBr ‘C,.Br 
Me 54 


Bonding in Lamellar Compounds 


The nature of the bonding in the various types of 
lamellar compound has received considerable atten- 
tion in recent years (see references 1-4). Although it 
seems well established that the bonding is at least 
partially ionic in all compounds the exact nature of 
the bonds are not fully understood at present. This 
is mainly because of the difficulty of obtaining direct 
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evidence concerning the fractional transfer of charge 
between the additive and the carbon macromolecules 
and the distribution of the charge over the inter- 
calated species. 


For graphite-bisulphate the general formula 
Cj,HSO7.2H,SO, is established by a combination of 
chemical and electrochemical analysis. However, 
although it seems reasonable to associate the 
negative charge with the HSO, group it is possible 
that the charge is effectively shared by all species via 
proton resonance: 

+H?+ 
HSO,Z == H,SO, 
— i+ 
An analogous situation applies in the case of the 
graphite—-metal halide compounds. Existing know- 
ledge of the lattice energy of the compounds is 
insufficient to decide between the two possibilities. 


In the case of the compounds that are not formed 
by controlled electrochemical oxidation or reduction 
the average fractional transfer of charge to or from 
the intercalated species cannot accurately be deter- 
mined. Estimates of the fractional transfer 6 have 
been made from observations of the molecular 
volume of the compounds and of changes in the 
electrical properties, but no great reliance can be 
placed on the various values that have been de- 
duced? !*32, _ [t does appear, however, that for most 
compounds 4 is less than unity; i.e. the compounds 
are not fully ionic. It is generally thought that the 
charge on intercalated halogen and alkali metal ions 
is shared by all species rather than by only a certain 
fraction with the rest acting as non-ionized spacer 
atoms or molecules. If this is the case the bonding 
corresponds to Pauling’s concept of an electron- 
defective metallic bond, e.g. 

(C,,)°*—(X)*— 

Final elucidation of the problem will probably 
necessitate the use of more definitive experimental 
techniques than have been applied to date. 


Covalent Compounds of Graphite 


Only two types of non-conducting covalent com- 
pounds of graphite are known compared with the 
great number of conducting ionic lamellar com- 
pounds. In these compounds, either oxygen or 
fluorine is incorporated in layers within the graphite 
lattice but, unlike pure graphite or the conducting 
lamellar compounds, the carbon layers are puckered 
as a result of sp* covalent bonding. This puckering 
of the layers leads to a loss of aromaticity and of the 
characteristic metallic properties of graphite. 


Graphite Oxide 

Graphite oxide, which is also known as graphitic 
acid, is conveniently prepared by adding solid 
potassium chlorate over a period of days to a 


suspension of graphite in a cold mixture of con- 
centrated nitric and sulphuric acids**. More than one 
treatment is necessary to ensure complete oxida- 
tion with graphites of large crystallite size. 
After diluting the reaction mixture with water the 
swollen product is thoroughly washed with water and 
then dried in vacuo over phosphorus pentoxide. The 
product so obtained varies in colour from yellow to 
dark brown and is stable at room temperature 
(although the light coloured material darkens on 
storage). Graphite oxide decomposes violently when 
rapidly heated to about 200°C producing carbon 
monoxide, carbon dioxide, water and soot. 


Both visual observations and x-ray measurements 
show that the interlayer distance of graphite is 
increased on forming graphite oxide. For well-dried 
fully-oxidized material the interlayer spacing is about 
6-5 A but this is greatly increased by the reversible 
uptake of water or other polar liquids’. 


Neither the chemical composition nor the crystal 
structure of graphite oxide is known to any degree of 
certainty. Depending on the graphite used and the 
method of formation, variable compositions are 
obtained. The ratio of C to O is always greater than 
two, and is usually in the range 2-7 to 2-8 for the 
light coloured product. HOFMANN and co-workers” 
proposed a structure of ideal formula C,0.(OH), 
involving both —O— and keto-enol tautomeric 
—OH and —O groups. This structure, however, is 
only one of many structures that have been pro- 
posed**, (For general discussion see references | 
and 3). Unfortunately x-ray diffraction patterns do 
not contain three-dimensional (hk/) reflections so 
that it is not possible to confirm unequivocally the 
puckering of the carbon layers implicit in most 
proposed structures. Puckering is supported, 
however, by infra-red absorption measurements” 
and by the fact that the metallic character of the 
parent graphite is destroyed on forming the oxide; 
thus HoFMANN and Ho st“ report that the electrical 
resistivity of graphite oxide compacts is about 10’ 
ohm cm for a compound of C:O ratio of 3 and 
4x 10° ohm cm for a ratio of 3-5 compared with 
2:3 x 10°? ohm cm for similar compacts of 
untreated graphite. 


Graphite Monofluoride 


Graphite and fluorine gas react at about 450°C to 
form a rather unreactive, white, non-conducting 
product of formula CF. If less fluorine is taken up 
the colour of the product is darker. Unlike graphite 
oxide the fluoride compounds are not wetted by 
water and are not decomposed by concentrated acids 
or alkalies. On rapid heating graphite monofluoride 
decomposes into finely divided soot and var:ous 
fluorocarbons. 
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The crystal structure according to W. and G. 
RUporFF" corresponds to an aliphatic network of 
carbon atoms in sp* hybridization to which the 
fluorine atoms are covalently bonded both above 
and below the puckered carbon plane (Figure 6). 
This means that there are two fluorine layers between 
each pair of carbon layers. The ‘ in-plane’ C—C 
distance is 1-54 A as for a single bond. The carbon 
interplanar spacing is about twice that of graphite 
for the limiting composition CF but with decreasing 
fluorine .content the spacing increases; no satis- 
factory explanation exists for this anomaly. The 
existence of a covalent C—F bond is strongly 
supported by infra-red absorption measurements. 


Tetracarbon Monofluoride 


In 1947 W. and G. RUporFr*? reported the prepara- 
tion of a second graphite-fluorine compound of 
composition C,F by passing a mixture of gaseous 
fluorine and hydrogen fluoride over graphite at room 
temperature. This compound is not attacked by 
boiling dilute acids and alkalies and is not oxidized 
by a solution of CrO, in concentrated sulphuric acid. 
When rapidly heated it swells and decomposes giving 
off flames. 


Again, as in the compound CF, the covalent C—F 
bond is present but, because of the relatively low 
concentration of fluorine, the aromatic character of 
the graphite lattice is not wholly destroyed. This 
accords with the finding that although the electrical 
resistivity of compacts of C,F is an order or so 
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Figure 6. Crystal lattice of graphite monofluoride™ 
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higher than that of untreated graphite this com- 
pound is a much better conductor than the wholly 
aliphatic-type composition CF. 


The crystal structure consists of carbon networks, 
almost unaltered from those in graphite, arranged in 
(AAAA . .) sequence and separated by two fluorine 
layers as in CF. The interlayer spacing is 5-34 A. 


Irradiated Graphite 


The effect of particle irradiation on the physical 
properties of graphite is currently of great interest in 
view of its extensive use in reactors as a moderator 
and as a structural material. Excellent review 
articles**—** are to be found in the Proceedings of 
the 1956 International Conference on the Peaceful 
Uses of Atomic Energy. 


The primary effect of irradiation by high energy 
particles in reactors or accelerators is to displace 
carbon atoms from their network sites leaving net- 
work vacancies. Some of the atoms quickly return 
to their original positions but others, if they possess 
sufficient recoil energy, may travel considerable 
distances between the loosely bound carbon layers 
before being trapped as interstitial atoms. It has 
been established* that for most commonly used 
reactors about five displacements per 10° atoms occur 
for each MWD of irradiation; the unit MWD, 
which stands for megawatt day per adjacent ton of 
uranium is approximately equal to an integrated flux 
of 5 x 10 neutrons/cm? for graphite moderators, 
but the exact equivalence depends on the particular 
type of reactor used. 


The change in the crystal structure on irradiation 
is twofold; the interstitial atoms, which as damage 
continues tend to group together as interstitial 
carbon complexes, increase the interlayer c-spacing 
while the network vacancies, which also may be 
present as vacancy complexes, give rise to a decrease 
in the a-dimension. For a given amount of irradia- 
tion Ac/c is about ten times greater than Aa/a. Asa 
result of the breaking of primary C—C bonds to 
form vacancies and interstitials there is a con- 
siderable increase in the energy content of the crystal 
lattice. In addition to the structural and lattice 
energy changes the electrical, thermal and mechanical 
properties also undergo very pronounced changes. 


Most changes can be reversed by annealing the 
damaged graphite at elevated temperatures, but 
certain damage produced by excessive irradiation 
tends to be permanent even after heat-treatment. 
With light irradiation there is a simultaneous 
production and partial recovery of damage at all 
but very low temperatures; at temperatures above 
about 300°C the rate of anneal of damage is com- 
parable to its rate of production. 
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Up to the present time investigations of the effect 
of irradiation on graphite have almost exclusively 
been carried out with artificial polycrystalline 
material. 


Structural Changes on Irradiation 


The overall degradation of the graphite structure 
and its subsequent recovery on annealing at high 
temperature can readily be appreciated by the series 
of x-ray diffraction photographs published by 
Bacon**. Distinct changes that occur on progressive 
irradiation are: 


(1) The basal plane reflections such as (002), (004) 
and (006) broaden and move to smaller angles 
corresponding with a rather irregular increase in the 
interlayer spacing. This increase in spacing is 
approximately linear with dose at a rate of about 
1-3 per cent per 10”° neutrons/cm®? at 30°C (Figure 7) 
and may reach as much as 20 per cent**®. For 
a reactor of flux 10'* neutrons/cm? operating 
at room temperature the crystallites in a graphite 
moderator would undergo a c-axis expansion of 
approximately 1 per cent per year. For a similar 
reactor operating at 250°C the increase in spacing 
would be only about 0-1 per cent due to spontaneous 
self-annealing of the radiation damage. 
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Figure 7. Schematic plots of the change of 


properties on irradiating graphite with neut- 

rons®, (A) stored energy; (B) thermal 

resistivity; (C) interlayer spacing and 
(D) Young’s modulus 


(2) The (Ak/) reflections become diffuse as a result 
of the decrease in three-dimensional order. Thus, 
according to Bacon’s photographs, the (112) 
reflection is barely visible when the c-axis has 
expanded by 4-5 per cent and at 8 per cent expansion 
the general structure has degraded to that 
associated with carbon black°. 
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From an x-ray investigation of the effect of 
annealing radiation damage at high temperatures 
Bacon concludes that even heavy irradiation does 
not break the carbon planes and that the original 
structural perfection is restored when the interstitial 
atoms return to lattice sites**. With heavy irradia- 
tion, however, it appears that certain network 
vacancies remain after heat-treatment, presumably 
because some interstitial atoms migrate to the edges 
of crystallites. While permanent vacancies may not 
significantly affect the x-ray diffraction pattern they 
would certainly affect other physical properties. 


Stored Energy 


The increase in the energy content of the crystal 
lattice of irradiated graphite is called stored energy, 
or sometimes Wigner energy after E. P. WIGNER who 
first discussed the subject. As this energy is equiva- 
lent to an increase in the enthalpy of the system it is 
measured as an increase in the heat capacity of the 
material. The stored energy of graphite varies from 
sample to sample but a typical value for an exposure 
of 107° neutrons/cm? is 70 cal/g. After prolonged 
exposure the stored energy can be as large as 500 
cal/g; this is equivalent to the energy required to 
heat | gram of graphite to above 1200°C. 


The decrease in the rate of accumulation of stored 
energy after the initial rapid increase (Figure 7) 
is thought to be associated with the coagulation 
of single interstitial atoms into complex groups. 


For light exposures the stored energy can be 
released by annealing at elevated temperatures 
(~1000°C ) but that accumulated at much higher 
exposures (e.g. around 107! neutrons/cm*) cannot 
entirely be released by subsequent heat-treatment. 
In this connection it may be noted that it was the 
uncontrolled release of stored energy in a graphite 
moderator that was responsible for the accident at 
the Windscale reactor in 1957: 


Thermal Changes on Irradiation 

The thermal resistivity of graphite is greatly in- 
creased on even light exposure to neutrons (Figure 7). 
By plotting the incremental change of resistivity 
induced by given exposures as a function of absolute 
temperature Hove* found that the increased 
resistivity varied as T~* at low temperatures. This 
accords with the two-phase theory of thermal 


resistivity discussed in Part II*, since the induced 
resistivity is primarily associated with the graphite 
phase (dependence on 7~*) rather than with the 
non-graphitic regions (dependence on 7~*). 1€ 
fall off of the rate of increase of thermal resisti. ‘ty 
with exposure is again attributed to the coagula: on 
of damage centres during bombardment. 
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Mechanical Changes on Irradiation 


F gure 7 illustrates the characteristic effect of irradia- 
tion on the Young’s modulus of artificial graphite. 
Large differences in the magnitude of the change are 
found with different graphites but there is only a 
small difference associated with the preferred 
orientation of the crystallites in the material**. One 
explanation of the increase in Young’s modulus is 
that the displaced atoms reduces the 54, shear 
constant of the graphite crystallites, so that on 
application of a stress the displacement of the layer 
planes is reduced. This explanation implies that 
changes within the graphite crystallites outweigh 
those which occur at the crystal boundaries. 


The irradiation of stressed graphite leads to 
another important change in the mechanical proper- 
ties. -Normally, when a load is applied to artificial 
graphite a deflection occurs as a result of the slipping 
of certain crystals; on removing the load the deflec- 
tion is restored with little permanent set. If, how- 
ever, graphite is irradiated while under stress there 
is a marked permanent set on removing the stress. 
Simmons** attributes the permanent set to the fact 
that the crystals which slip under the stress are 
prevented from further movement by the interstitial 
carbon atoms produced on irradiation. The fact 
that the amount of permanent set after irradiation 
exceeds the original deflection suggests that in some 
way the irradiation also induces additional crystal 
slip. The effect of subsequent annealing at high 
temperature is to remove the displaced atoms and so 
allow restoration of the deflection. Irradiation of 
unstressed graphite merely results in an increase in 
the stiffness of the material which then approaches 
more closely to an ideal elastic solid. 


Electronic Changes on Irradiation 


Interstitial atoms and network vacancies modify the 
electronic structure of graphite in two ways. First, 
they act as electron traps and thereby increase the 
total number of current carriers in the graphite 
bands, and secondly they increase the scattering of 
the conduction electrons. The effect of irradiation on 
the electronic properties depends therefore on the 
sensitivity of the individual properties to these two 
effects. 


Qualitatively the changes in the Hall coefficient 
and magnetic susceptibility (Figure 8) and the 
thermoelectric power*’ are well explained in terms of 
simple band theory merely as a result of the increase 
in the number of positive carriers of electricity. On 
the other hand, although the electrical resistance is 
decreased by the increase in carrier concentration it 
is ncreased by scattering at the damage centres. 
The observed increase in resistance for all levels of 


irradiation (Figure 8) indicates, therefore, that the 
increased scattering overcompensates the increased 
number of carriers. 
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Figure 8. Schematic plot of the change of 


properties on irradiating graphite with neut- 

rons*®, (A) electrical resistance; (B) Hall 

coefficient; (C) magnetic susceptibility and 
(D) magneto-resistance 


The final property represented in Figure 8, the 
transverse magneto-resistance, is unique in that it is 
decreased by both the effects described above, and 
for this reason it falls off very rapidly with irradia- 
tion. This behaviour confirms the observation made 
in Part II* that the transverse magneto-resistance can 
be used to give a very sensitive indication of the 
degree of crystal perfection of a graphite. 
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Research Essay Competitions 
Prizegiving 

THE annual prizegiving for the Waverley Gold Medal 
and Schools Essay Competitions was held at the 
Royal Society of Arts on Monday, 31 October. 
Sir Alexander FLEcK took the chair and the prizes 
were presented by Field Marshal the Viscount Sim; 
about 200 people attended. Names of the prize- 
winners and the prizewinning essay were published 
in the November issue of Research, see pp. 442 and 
452. The essays gaining second place and the special 
prize for authors under 30 years old are published 
in this issue, pp. 473 and 466; reprints of the 
speeches are included as a supplement. 





Lord Slim presenting the Waverley Gold Medal to 
Mr R. L. Gregory, who won it for his essay *The 


Solid Image Microscope’. (Photo: John Bignell) 
Following a short introduction by Sir Alexander 
Fleck, Lord Slim discussed the attitude of the 
average citizen towards scientists. He gave some 
examples of the changes in our ways of life which 
have come about due to scientific development, for 
which, he said, people are grateful to scientists 
whom they regard with admiration. But they also 
have a feeling of awe, partly due to an incomplete 
understanding of what is going on. Lord Slim 
pointed out that the average citizen has great diffi- 
culty in understanding scientific jargon, which tends 
to cover up the inability of many scientists to explain 
their activities in good, simple (clear) English and 
creates an impression of intellectual arrogance. He 
suggested that in the training of scientists more time 
should be spent learning to write good English 
Lord Slim said that interest in science is on the 
increase particularly due to the heavy expenses 
involved which come to bear on the taxpayers. 
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RADIO WAVE PROPAGATION AND 
ATTENUATION IN THE TROPOSPHERE 


E. M. HICKIN 


Research Laboratories of The General Electric Company Limited, Wembley, England 


As the possible application of radio waves are further investigated the pressure on 


spectrum space becomes very great. 


Higher and higher frequencies are now coming 


into use and the estimation of the magnitude of microwave loss due to meteorological 
phenomena is important in further exploitation of the spectrum. 


Ir WE take the radio frequency part of the electro- 
magnetic spectrum to be from 30 kc/s to 300 kMc/s 
(10 km to 1 mm wavelength) then it can be said that 
barely 10 per cent is at present exploited and much 
is not yet explored. 


The development of suitable equipment went on 
steadily between the wars, but the period 1939 to 
1945 saw a major increase in the use of radio waves 
for detection and navigation as well as communi- 
cation. Over the years the possibilities of radio 
have become clearer, the need to exploit them greater 
and the resulting pressure on spectrum space has 
been, and is, very great indeed. There is an historical 
allocation of channels determined mainly by 
availability of equipment and by propagation 
characteristics but, once a service has been est- 
ablished, the heavy expenditure involved in a major 
reallocation of frequencies makes such changes rare. 
Post war conferences at Atlantic City (1947) and 
Geneva (1959) have attempted to table compromise 
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Figure 1. Attenuation of microwaves by rainfall 
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arrangements; it is interesting to note that while 
prior to 1947 two hundred megacycles was the 
highest frequency subject to international agreement, 
this was raised to 10 kMc/s (3 cm) in 1947 and to 
40 kMc/s (7:5 mm) in 1959. 


Tropospheric Conditions 


Between these two conferences new applications 
tended to be found for frequencies just above 10 
kMc/s and new line-of-sight communication equip- 
ment came into use at 11,000 Mc/s in the U.S.A. 
For frequencies in excess of a few hundred megacycles 
the propagation of radio waves is determined 
entirely by conditions in the troposphere, which 
is the lower part of the atmosphere, where clouds 
and rain are formed. At 11,000 Mc/s the attenuation 
of the atmosphere is becoming significant due both 
to water vapour, and to scattering from rain, fog 
and ice particles. At still higher frequencies the 
oxygen in the atmosphere also exerts an influence. 


An understanding of the magnitude of these 
atmospheric losses will be of importance when 
exploiting the remainder of the spectrum. As long 
ago as 1941 Rype, who earlier had studied the 
scattering of light waves in opal glasses, predicted 
the effects of rain, hail, fog and mist in scattering 
and attenuating radio waves at centimetric wave- 
lengths; later he extended these predictions down 
to 3 mm!?”, 


Effect of Rainfall 


Since 1944 many patient and ingenious experiments 
have confirmed these predictions. It is interesting 
to see the steps taken to overcome the major obstacle 
to this work; this is not the measurement of micro- 
wave attenuation, but the determination of the 
magnitude and the distribution of the rainfall! by 
which it is caused. 
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A microwave loss measurement integrates the 
attenuation along a path, but there is no simple way 
of averaging the rainfall. However steady the rain 
may look to an observer at one position the rate 
of precipitation is unlikely to be the same even one 
mile away. It is necessary, therefore, to take ‘a 
number of measurements at intervals along the 
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Figure 2. Attenuation of microwaves by oxygen and 
water vapour 


path; a recent paper by HATHAWAY and Evans? 
of the Bell Telephone Laboratories describes 
measurements at 11,000 Mc/s in which thirteen 
rain gauges were used to cover a twenty-seven 
mile path. The readings of these gauges must be 
recorded frequently, preferably every minute. 


The attenuation is a function of the diameter D 
of the rain drops, the wavelength A and the average 
number of drops per unit volume of air in the path. 
When the drops are so small in comparison with 
the wavelength that D/A» < 0-015 then, to a first 
approximation, the attenuation varies as D*/i; 
in other words it is proportional to the average 
total mass of water drops present per unit volume 
of air. For greater values of D/A the relation is 
much more complicated and, furthermore, allowance 
must be made for the drop size distribution in rain 
storms having various precipitation rates. The 
results of such calculations by Ryde are shown in 
Figure 1 which gives the attenuation, for a number 
of wavelengths, as a function of the rate of precipi- 
tation in mm per hour. 


MUELLER‘, and more recently CRAWFORD and 
HocaG®, OkAamMuRA® and others, have studied atten- 
uation at a few millimetres wavelength, using an 
ingenious there-and-back path to double the atten- 
uation for a given path length (and hence double 
the accuracy of rainfall measurement). At 8 mm 
wavelength the losses are such that a path of a few 
hundred metres is sufficient. 
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Figure 3. Expected time out of service (hours/year) as a function of path length in miles 
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Figure 4. Contours of constant path length for a fixed 
time out of service for 11,000 Mc/s radio links in Europe 


Molecular Resonance 


In addition to scattering and absorption by droplets 
in the atmosphere, the microwaves are also subject 
to losses due to molecular resonance. This depends 
on selective interaction between resonances within 
the molecules of oxygen and water vapour in the 
atmosphere and the incident radiation. The atten- 
uation due to these gases is shown in Figure 2. 

Now that higher and higher frequencies are 
coming into use it is important to be able to estimate 
the disturbing effects produced by meteorological 
phenomena. 


‘ Outage’ 

It seems likely that frequencies a little above 10,000 
Mc/s (3 cm) will be used for line-of-sight systems 
carrying television and multichannel telephony. 
Hathaway and Evans conclude that in many parts 
of the U.S.A. heavy rainfall is so rare that little 
serious interference will be experienced; in the 
South-Eastern States such as Louisiana, Alabama 
and Mississippi it is likely to prove a frequent 
hazard and in these areas radio links at such 
frequencies will need to be restricted to shorter 
paths. 
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Taking as a criterion that the time out of service 
(outage) due to rainfall should be less than one hour 
per year (~ 99-99 per cent reliability), it is possible 
to plot contours of constant path length for a 
fixed outage time for a given area. Hathaway and 
Evans show that radio paths in the South-Eastern 
States will need to be restricted to the order of ten 
miles, the limit rising to over 35 miles in California, 
Oregon, Washington and the Mountain States. 
Since these frequencies are expected to be of most 
use for short-range systems these restrictions will 
only apply to about one third of the area of the 
continental United States. 


From average rainfall figures for Europe pub- 
lished by the Meteorological Office’ it is possible 
to construct curves for Europe corresponding to 
those given by Hathaway and Evans for the U.S.A. 
in their Figure 12. Figure 4 shows contours of 
equal ‘ outage’ time for Europe, and Figure 3 
shows the likely variation of outage time with 
path length for each of the contours shown in 
Figure 4. 


Higher Frequencies 


Still higher frequencies, above 20,000 Mc/s (1-5 cm) 
will be useful for short distance communications 
and for radar. There is also a possible application 
for these frequencies for communication between 
high-flying aircraft or other upper-air vehicles, as 
the atmospheric gases will be present in such small 
amounts that they will not cause a serious loss. 


Already short-range radars of very high resolution 
have been developed at 35,000 Mc/s (8 mm). These 
radars are used to control aircraft on the ground at 
an airport, and are the nearest approach yet made 
to the ideal arrangement of displaying an echo 
pattern on which the actual shapes of aircraft or 
other vehicles could be recognised. Figure 5 shows 
such a radar picture taken at London Airport. It is 
interesting to note that the furthest point on any 
runway or taxiway is some 14 miles from the radar 
on the control tower. From Ryde’s data it would 
appear likely that rainfall sufficient to cause a 
reduction of 20 dB in an aircraft echo at this range 
would occur for five minutes about twelve times a 
year, and a loss of 60 dB (total obliteration) for 
perhaps one five-minute period a year. 


E. M. HICKIN 





Figure 5. Plan-position display of 35,000 Mc/s (8 mm) 
radar at London Airport. (By courtesy of Decca Radar 
Limited) 


Conclusion 


It will be seen from these examples that, whilst 
the effects of tropospheric attenuation must be 
taken into account in designing systems using 
centimetric and millimetric radio wavelengths, these 
effects will not preclude a number of practical 
applications of frequencies which have as yet been 
little applied. 
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Research on the Road 


The test track constructed at Crowthorne for the 
Road Research Laboratory of the D.S.I.R. (see 
Survey, July, p. 283) is now near enough to com- 
pletion for research work to start on it. The track is 
looped as a figure of eight, the two loops radiating 
from a central flat area 900 ft in diameter (say 
144 acres) to form a continuous circuit three miles 
long. In addition a straight spur road leads off from 
the larger loop to a terminal area, to provide 
facilities for the testing of tyres on various road 
surfaces, and of the effect of application of brakes on 
cars travelling over a specially prepared slippery 
(pure bitumen) surface. 


Demonstrations have recently been given of the 
effect on braking efficiency of fitting high-hysteresis 
rubber tyres to one of a pair of identical cars, and 
it was shown that on a wet track the car so fitted 
did not slide as far with all wheels locked as the other 
car fitted with tyres of ordinary, resilient rubber. 


The stability of the family saloon car can now be 
tested in various ways. A car fitted with individual 
brake controls to each wheel was demonstrated on 
the slippery strip of the terminal area, after con- 
siderable quantities of water had been spread over it. 
With four wheels locked, the car slithered under 
control and could be steered. With both front 
wheels locked the car still maintained its normal 
direction of trave!, but with rear wheels only locked, 
control was lost immediately. It is this rear-wheels- 
locked condition which is inherently unstable and 
against which precautions must be taken, (see 
Commentary, July, p. 246). With hydraulic brake 
control systems, it is usual to fit a relief valve to 
release the brake at the instant a rear wheel tends to 
lock. This instability will be the subject of one of the 
first research programmes to be undertaken at 
Crowthorne where tests will also be made to deter- 
mine the effect on the dynamic balance of cars of 
placing both engine and transmission together at 
either end of the vehicle. 


Traffic control problems associated with road 
junctions of all kinds can be investigated on the 
central area which comprises well over half the total 
surface area of the new track. Coloured light 
Dontrols can be tested and measurements made of 
jistances which are needed in the approaches to 
ntersections to permit safe ‘ weaving’ from one 
ane to another. 


A unique feature of the new track is the provision 
of an under-track laboratory, making use of a plate 
lass window in the track surface over which test 
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wheels can be driven. A special light-diffusing 
system will be installed together with a very high 
speed camera for photographing tread distortions 
occurring in tyres rolling along the roadway at, say, 
over thirty miles per hour. For good adhesion on a 
wet road, it is necessary for the water film to be 
broken between tyre and road surface, and research 
programmes are in hand to study the behaviour of 
road surfaces as well as the profiles of tyres running 
on them. 


Statistical work is being carried on by examining 
road accident reports supplied by police and 
hospitals and, in addition, a new programme has 
been started to determine the reactions of drivers to 
various stimuli associated with hazards of the road. 


Completion of the test track is the first stage in 
the transfer of the Road Research Laboratory from 
Langley and Harmondsworth to Crowthorne. It has 
cost about £500,000. The next three years or so will 
see the erection of administrative and other buildings 
costing approximately two million pounds. 


The National Chemical Laboratory 


Now under the direction of Dr J. S. ANDERSON, 
F.R.S., the old Chemical Research Laboratory at 
Teddington has achieved new status—two years ago 
it became the National Chemical Laboratory—and 
a new outlook. Dr Anderson describes its tasks as 
two-fold: to carry out objective research requiring 
long-term systematic work which is not fundamental 
enough for the universities but too long-term for 
industrial laboratories; and to work on problems 
which affect a whole range of industries, e.g. 
corrosion. There are five majn groups working at 
N.C.L.: the Extraction of Metals Group, the 
Inorganic Group, the Chemical Thermodynamics 
Group, the Corrosion Group and the New Materials 
Group. 


Corrosion 


It has been found that underground and underwater 
corrosion of metals is largely due to the action of 
sulphate reducing bacteria, and the mechanism of 
this type of corrosion is being investigated by 
studying the polarization behaviour of steel in pure 
cultures of different bacterial strains. From this it 
has been found that bacteria such as Desulphovibrio 
desulphuricans which have a hydrogenase enzyme 
enabling them to remove hydrogen formed during 
metallic corrosion, cause corrosion, whereas the 
related Desulphovibrio orientis, which has no such 
enzyme, is harmless. The rate of this type of 
corrosion caused by different bacterial strains or 
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occurring under different conditions is also being 
investigated. This involves the continuous culture of 
pure strains and an apparatus has been devised which 
will maintain constant optimum conditions for 
bacterial culture (see Figure 1); small pieces of 





Figure 1. Part of semi-continuous culture 
apparatus for studying bacterial corrosion 


metal can then be left in pure cultures of different 
strains of organisms and compared later. The 
damage caused in different types of soil or water 
and to different metals will also be investigated. 


Corrosion rates in water at temperatures up to 
200°C are being measured and these determinations 
will later be extended to higher temperatures. Also 
the influence of water flow speed and temperature on 
corrosion in circulating systems is being investigated. 


More fundamental work on the action of inhibitive 
anions—chromate, benzoate, nitrite, efc.—is in 
process; apparently corrosion is not inhibited unless 
the potential of the metal reaches a certain critical 
value before or after the addition of a non-oxidizing 
inhibitor. The way in which the volatile corrosion 
inhibitors, for example cyc/lohexylamine carbonate, 
act is also being studied. These are used in con- 
fined spaces or as coatings for wrapping papers. It 
was thought that their anticorrosive action was due 
to adsorption on the surface of the metal, but at 
N.C.L. they are now suggesting that the inhibitive 
action is due to the carbonate or nitrite anion. 


New Fire Research Laboratories 


The new buildings opened by Lord HAILsHamM at 
Boreham Wood on 4 November include chemical 
engineering, hydraulic and radiation laboratories as 
well as administrative offices; they cost about 
£300,000 to build and are claimed to make the Fire 
Research Station the largest and best equipped 
organization of its kind in the world. The Station is 
controlled by the Joint Fire Research Organization 
in which government and fire insurance companies 
are equal partners. Research is aimed at improving 
methods of preventiug and fighting fires. 


Reports of all fires attended by U.K. fire brigades 
are filed at the Station. They are punch-card 
sorted and classified to provide data for the annual 
summarizing reports published by the Station, and 
are available for re-classification into new categories, 
should the need arise. Thus a recurring trend in 
outbreaks of fire can be brought to light on a 
national scale and a particular piece of equipment 
may perhaps be identified as a potential source of 
danger. Steps can then be taken to educate the 
public in its correct use, and the makers can be 
asked to make appropriate modifications. 


Model techniques are used in the study of the 
ignition and growth of fire*, particularly in tests 
involving wind, ventilation, fuel, shape and size of 
compartment—factors which may control the 
growth of fire and its. spread within and between 
buildings. Recommendations can be made as a result 
on the creation and preservation of wind breaks both 
in built-up areas and in wooded districts. Other 
sections examine building materials and structures, 
chemistry and chemical engineering, and extinguish- 
ing materials and equipment. Thus it can be defined 
when water should or should not be used to 
suppress a fire and recommendations drawn up as to 
the most effective way of tackling fires where the 
cause is identifiable. 


Foam is the only fire-fighting material which can 
provide protection against re-ignition of flammable 
liquid fires. A demonstration of this technique was 
given but work is continuing because, although 
stiffer foams seal surfaces adequately, they are 
relatively slow in spreading over the seat of a fire and 
may not, for example, provide sufficient time for 
rescuing aircraft passengers who might themselves be 
unable to help. By contrast, thin, easily spread foams 
cannot be relied upon always to maintain critical 
thickness for fire suppression. Another demon- 
stration given involved injection of water into the 
exhaust gases of a gas turbine (see Survey, Aug 
p. 327/8). 


* See Studies of Fires in Buildings Using Models Parts I & Il by F 
Tuomas (Research (1960) XIII 69, 87) 
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Organosilicon Compounds 
C. EABORN 


(x + 530 pp; 8} in. by 54 in.) 
London: Butterworths. 80s 


ORGANOSILICON compounds, which the author defines as 
compounds containing at least one organic group at- 
tached to silicon through carbon, have been of great 
importance ever since silicones were developed. Interest 
has been intensified in recent years by the search for new 
polymers with a framework based on silicon bonded to 
elements other than oxygen. This has resulted in a rapid 
accumulation of literature and patents which present a 
complex picture to any one entering the field. In these 
circumstances the appearance of a book such as this, 
which gives a detailed systematic summary Of the present 
position, is more than welcome. The author deals in 
turn with methods of forming silicon-carbon bonds and 
their reactions and with organosilicon halides, hydrides 
and pseudohalides. He then turns to the groups of 
compounds containing silicon bonded to oxygen, sulphur 
and nitrogen and concludes with chapters on compounds 
with the silicon-silicon or silicon metal bond, cyclic 
organosilicon compounds, carbon-functional organo- 
silicon compounds and silicones and related polymers. 
The last two chapters contain tabulated physical data and 
a description of analytical methods. 


The author is well known as an authority in this field 
and his personal interests are reflected in the considerable 
emphasis placed throughout on problems of reaction 
mechanism. This adds very greatly to the general interest 
of the book and makes it more readable. Over two 
thousand references are given and the literature is covered 
up to the second half of 1958. This represents a large 
proportion of the published work, but no attempt has 
been made to deal fully with industrial aspects of sili- 
cones since this topic is well reviewed elsewhere. The 
outstanding impression on reading this book is that, for 
the first time, order has been introduced into the widely 
scattered literature. In undertaking this task the author 
has earned the gratitude of many research workers in 
industry and the universities. The nomenclature used is 
that recommended by the I.U.P.A.C. Commission on 
the Nomenclature of Organic Compounds. This, too, 
adds to the book’s value, for hitherto various nomen- 
clature rules have been used and the time has certainly 
come when the carefully worked out system which is now 
recommended should be widely known. 


This book can be given an unqualified recommenda- 
tion. It is well produced and virtually free from typo- 
graphical errors. The discerning reader will find in these 
pages many leads for new research. There is a special 
need for more physicochemical work on organosilicon 
compounds since so much attention has been devoted in 
the past to their preparative chemistry. The author 
states in his preface that, against his inclinations, he has 
not related the organic chemistry of silicon to that of 
other metalloids and metals. Had this been done it 


would have been most valuable and stimulating, but, as 
it stands, the book is already a notable addition to the 
terature of the subject. 


H.J.E. 
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Dictionary of Nutrition and Food Technology 
ARNOLD E, BENDER 
(vii + 142 pp; 8} in. by 54 in.) 
London: Butterworths. 30s 


THE title of this new handbook is a good indication of the 
need for such a dictionary. In the rapidly expanding 
field of nutritional science the range of disciplines called 
into service becomes ever wider. There is the medical 
nutrition expert at one pole and the industrial food 
technologist at the other with all variants of the medical 
and technical scientist between the two extremes. All 
fields of learning and more especially all fields of science 
tend to acquire their own particular jargon until there 
comes a time when there is an urgent need for interpre- 
tation. In studies related to food and nutrition there are 
highly specialized workers in the fields of medicine, 
bacteriology, pharmacology, biochemistry, chemistry, 
chemical engineering, biology, domestic science, agri- 
culture, veterinary science and education. There are also 
many who are concerned with nutrition from a practical 
standpoint. These practical people may well be lost 
among the scientific terms but in a subject such as nutri- 
tion even the specialist needs an interpreter on many 
occasions. 

Dr BENDER’s dictionary now comes to rescue with a 
wide selection of definitions ranging from absinthe in 
which we may lose our cares to zymogens the precursors 
of active enzymes. The terms defined cover the most 
common biochemical, bacteriological, chemical and tech- 
nological processes in food science. Brief descriptions are 
given of equipment and apparatus used in the laboratory 
or in manufacturing processes. Some analyses of foods 
are included with figures taken from the Food Compo- 
sition Tables issued by the Food and Agricultural 
Organization of the United Nations. These may be 
somewhat misleading taken out of their context without 
explanation of the methods of deriving them but they do 
at least indicate the general composition of the foods so 
listed. 

Daily allowances of principal nutrients as recom- 
mended by the Nutrition Committee of the British 
Medical Association and the Food and Nutrition Board 
of the National Research Council of the U.S.A. are 
tabled but no explanation of how such figures are ob- 
tained is given either attached to the tables or within the 
dictionary. This is an omission which could well be 
repaired in a future edition. 

The sources of information listed in the introduction 
to the dictionary provide a useful nutrition bibliography 
and some entries are given additional specific references 
which may be consulted for full details of a substance or 
a process. A particularly useful point for the non- 
biochemical technologist or nutritionist is the elucida- 
tion of the numerous sets of cryptic initials such as the 
ubiquitous ATP and ACTH. 

Inevitably in such a compilation there are some errors 
but it would seem more useful to convey these to the 
publishers rather than to highlight them in reviewing 
a book which is a useful addition to the 
shelf. 


reference 
A.M.C, 
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Inorganic Chemistry 
P. B. HesLop and P. L. RoBINSON 
(viii + 555 pp; 9 X 6 in.) 
Amsterdam: Elsevier Publishing Company; 
Van Nostrand. 45s 


Ir Is stated in the preface that ‘ this book is addressed 
to students and intended to provide in a single volume an 
outline of current inorganic chemistry sufficient for basic 
reading up to honours degree standard’. With this 
definite aim, coupled with the concise title Inorganic 
Chemistry, one is rather surprised to find that nearly 
two-fifths of the book is devoted to general physical 
chemistry. This is intended ‘to provide the reader with no 
more than he will need in pursuing the main part of the 
book ’. While a broad background of physical chemistry 
is undoubtedly necessary for the full understanding of 
inorganic chemistry, it is not necessary in the Reviewer's 
opinion to devote such a large proportion of the book 
to this end. This would seem particularly true since the 
presentation of the inorganic matter is quite standard and 
the reader’s attention is not drawn to the way in which the 
earlier chapters are necessary for the understanding of the 
later ones. Reliance on the reader’s general background 
of physical chemistry should have been quite satisfactory. 
Chapters which appear to be particularly unnecessary 
are those on Chemical Thermodynamics and Chemical 
Kinetics. 


London: 


The inclusion of much of the earlier material is all the 
more disappointing if it is the cause of the rather scanty 
treatment of some of the inorganic sections. For example, 
the chapter on Iron, Nickel and Cobalt runs to twelve 
pages only; of these the halides occupy one-third of a 
page and the oxides just one page. It is very doubtful 
that such brief coverage is sufficient for an honours 
degree student. 


Other elements receive greater attention and quite 
recent work on the actinides and on polonium is given. 
Even so the statement that ‘ this book is a brief epitome 
of modern inorganic chemistry ’ can be challenged in a 


number of respects. Theré is, for example, only the 
briefest reference to the very important subject of the 
defect nature of compounds (the section headed ‘ Non- 
stoichiometric compounds’ contains only eleven lines). 
The relatively ‘modern’ inorganic compounds now in 
extensive use in semiconductor and magnetic appli- 
cations are not discussed. 


With a more general title or a more modest declared 
aim and scope the book could be viewed more favourably. 
As it stands it cannot be recommended to students as an 
effective guide to advanced study. This is a pity as the 
writing is very clear and readable. 


The book contains no place references to the original 
literature but gives prominent workers and the date of 
publication. The figures are of the highest standard. 

L.C.F.B. 


Biological and Chemical Control of 
Plant and Animal Pests 


L. P. Herrz (Ed.) 
(xii + 273 pp; 9 in. by 6 in.) 
Washington: A.A.A.S., Pub. No. 61. 45s 


Tuis book contains nineteen papers on various aspects 
of the problem, largely as it effects the U.S.A., divided 
into three sections entitled: (a) The Public’s stake in 
Pest Control, (b) Recent Advances in Chemical Control, 
(c) Biological Control of Pests. Under these headings a 
wide range of topics is discussed. Some of the papers 
are of a general nature, e.g. Exclusion and Eradication 
versus Reduction of Plant and Animal Pests, while 
others deal with special topics, e.g. Organophosphorus 
Systemic Insecticides. 


The field covered by the papers is: very extensive and 
includes control of pests and disease of animals, (includ- 
ing man) and piants of all kinds. The question of breed- 
ing for immunity and resistance is also well covered. 


The volume should form a useful source of information 
on the vast range of problems which have for many years 
greatly exercised the minds of many workers in America 
and on which a great deal of work has been done. In 
many instances quite spectacular results in control have 
been achieved. At the same time it shculd be remembered 
that the Symposium deals specifically with the aspects 
of the problem in America as they effect that country. 


This may be a reason for the relative scarcity of refer- 
ence to literature and work from countries other than 
the U.S.A. 3G 


An Introduction to the Organic Chemistry 
of High Polymers 


C. S. MARVEL 
(viii + 82 pp; 94 in. by 6 in.) 
New York and London; John Wiley. 36s 


Tuis short book, derived from the Humble Lectures in 
Science given by Professor MARVEL in 1956, comprises 
eight main chapters on Definitions, Characterization of 
Polymers, Condensation Polymerization, Addition 
Polymerization (Free Radical and Ionic), Copolymeriz- 
ation, Diene Polymerization, and Reactions of Polymers, 


The book is intended for the beginner in polymer 
synthesis and does not attempt to present a detailed or 
comprehensive coverage of any aspect of the subject. 
Each topic in polymer chemistry is dealt with in a brief, 
sound and precise manner and in this sense the book 
succeeds in stimulating interest in the young reader and 
in providing an elegant picture of the synthesis of polymer 
molecules and the possibilities for the future. 

The book can be recommended as a sound and readable 
introduction for undergraduate students or for those i 
industry wishing to develop an interest in this grow 
branch of science. C.E.} 
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